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SMALL AND MIGHTY 


HYPOTHALAMUS i 


By Mattia Maroso and Peter Stern 


f you pause for a second and think about 
the activities that occupy most of your day, 
presumably sleeping, eating, and engaging 
in social interactions are among the first 
that come to your mind. Perhaps surpris- 
ingly, a small area buried deep inside the 
brain, called the hypothalamus, is respon- 
sible for coordinating neuronal signals re- 
lated to these activities. By controlling the 
homeostasis of the neuroendocrine, limbic, and 
autonomic nervous systems, the hypothalamus 
is a key brain region for many physiological and 
pathological processes. Despite its small 
size, the hypothalamus has a complex 
cellular organization and circuitry that 
determine its structural and functional 
organization. It is composed of 11 nuclei 
grouped by their location and has vast, 
mostly bidirectional connections with 
many neuronal and endocrine systems. 
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The image depicts 
the main functions 
regulated by the 
hypothalamus. 
Temperature, sleep, 
eating, and social 
interactions are all 
controlled by this small, 
but mighty, area. 


In this special issue, we highlight the main 
role that the hypothalamus plays in integrating 
the many body functions required for the main- 
tenance of homeostasis. If that wasn’t enough, 
it also modulates social interactions, including 
affective, sexual, and aggressive behaviors. Yet 
another still not completely understood function 
of the hypothalamus is the way it controls sleep. 
Finally, to avoid missing the forest for the trees, 
we have to take a broader view of the neural cir- 
cuits that mediate motivated behaviors and their 
interactions with the dopaminergic system to 
reinforce ongoing or planned actions to 
fulfill motivational demands. 

The hypothalamus may be small, but 
it has a colossal impact on a wide range 
of behaviors. Once again, the power of 
David over Goliath resides in organiza- 
tion and action, not size. 
10.1126/science.ad|3437 
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The structural and functional complexity 
of the integrative hypothalamus 


Harmony Fong’*3+, Jing Zheng’*+, Deborah Kurrasch>??* 


The hypothalamus (“hypo” meaning below, and “thalamus” meaning bed) consists of regulatory circuits that 
support basic life functions that ensure survival. Sitting at the interface between peripheral, environmental, and 
neural inputs, the hypothalamus integrates these sensory inputs to influence a range of physiologies and 
behaviors. Unlike the neocortex, in which a stereotyped cytoarchitecture mediates complex functions across a 
comparatively small number of neuronal fates, the hypothalamus comprises upwards of thousands of distinct 
cell types that form redundant yet functionally discrete circuits. With single-cell RNA sequencing studies 
revealing further cellular heterogeneity and modern photonic tools enabling high-resolution dissection of complex 
circuitry, a new era of hypothalamic mapping has begun. Here, we provide a general overview of mammalian 
hypothalamic organization, development, and connectivity to help welcome newcomers into this exciting field. 


he hypothalamus makes up just 2% of 
brain volume but is essential for funda- 
mental life processes and survival. The 
term hypothalamus was first introduced 
by Wilhelm His in 1893 and was further 
annotated by Santiago Ramon y Cajal in the 
1890s, Albrecht von Haller in the 1900s, and 
Ernst and Berta Scharrer in the 1920s. For 
centuries, the hypothalamus has fascinated 
scientists for its nodal position and dense nu- 
clear clustering of neurons, and this allure only 
increased as early lesioning studies revealed 
the outsized role of the hypothalamus in a range 
of physiologies and behaviors. Today, the hy- 
pothalamus is known to receive, process, and 
integrate sensory inputs to drive bidirectional 
communication with a range of behavioral, 
autonomic, and endocrine pathways. The de- 
velopment and interaction of the circuits by 
which the hypothalamus maintains homeosta- 
tic set points, overcomes stressors, and drives 
behaviors are continually being defined. 


The intricate organization of the hypothalamus 


The hypothalamus resides in the ventral-most 
region of the forebrain and drives diverse pro- 
cesses through a complex cytoarchitecture lo- 
calized around the third ventricle (J, 2) (Fig. 1A). 
Along the rostral-caudal axis, the hypothal- 
amus can be divided into the preoptic, anterior, 
tuberal, and mammillary regions (Fig. 1, B 
to E), each of which is further partitioned into 
lateral, medial, and periventricular zones (3). 
These hypothalamic regions are populated by a 
patchwork of neurons that form discrete three- 
dimensional (3D) clusters, or nuclei, which con- 
trasts with the relatively flat laminar structure 
of the cerebral cortex. Most rostrally, the pre- 
optic area (POA) includes the median (MnPO), 
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medial (MPO), ventrolateral (VLPO), anteroven- 
tral periventricular (AVPV), and periventricular 
(PVpo) preoptic nuclei. The anterior region is 
composed of the anterior hypothalamus (AH) 
and supraoptic (SON), suprachiasmatic (SCN), 
and paraventricular (PVN) nuclei. The median 
eminence (ME) and pituitary stalk lie ventral to 
the tuberal hypothalamus, which contains the 
loosely defined lateral hypothalamic area (LH) 
as well as the dorsomedial (DMH), ventrome- 
dial (VMH), arcuate (Arc), and tuberal (TuN) 
hypothalamic nuclei. Finally, the premammillary 
(PM), supramammillary (SuM), tuberomammil- 
lary (TM), and posterior hypothalamic (PH) nu- 
clei make up the mammillary hypothalamus. 

The mapping of functional roles and accom- 
panying pathways onto individual nuclei has 
revealed extensive overlap and high coordina- 
tion (/, 2) (Fig. IF). For example, various aspects 
of feeding, energy balance, and thermoregula- 
tion are strongly regulated by neurons residing 
in the Arc, VMH, DMH, LH, and TuN within 
the tuberal hypothalamus, but they also loop 
in circuits within the MnPO, VLPO, PVN, AH, 
and PM. Similarly, corticotropin-releasing hor- 
mone (CRH) neurosecretory cells in the PVN 
are central to stress responses and integrate in- 
puts from the MPO, DMH, LH, and PH (4). 
Further, sleep-wake is orchestrated by the SCN— 
the principal circadian pacemaker—in conjunc- 
tion with the VLPO, MnPO, PVN, DMH, VMH, 
LH, TM, and SuM (5). Although the intercon- 
nectedness of spatially segregated nuclei is a 
core feature of hypothalamic function, more 
recently this concept has evolved to appreciate 
the concerted contributions of extrahypotha- 
lamic circuits as well. For example, the hypothal- 
amus facilitates circuitry for reward, salivation, 
smell, and hunger alongside the physical act of 
foraging for food, which provides a framework 
for studying complex behaviors mediated by 
the hypothalamus, such as feeding. 

Some hypothalamic nuclei are known to be 
sex dimorphic. The MPO is one of the best-known 
sex-biased brain regions, with male sexual be- 
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females (6). Notably, this anatomical size dif- 
ference is also observed in the third interstitial 
nucleus of the anterior hypothalamus (INAH-3), 
the presumptive homologous cell group in hu- 
mans (7). In mice, distinct subpopulations of tyro- 
sine hydroxylase- and progesterone receptor- 
expressing neurons in the AVPV and the VMH, 
respectively, are sexually dimorphic and medi- 
ate a range of sexual, parental, and aggressive 
behaviors (8, 9), whereas female-biased differ- 
ences in pro-opiomelanocortin (POMC) neu- 
ronal numbers and activity in the Arc have been 
reported to influence energy balance (10). High- 
resolution mapping of hypothalamic circuitry 
mediating sex-specific behaviors is an emerging 
area of research (11). 


Extraordinary diversity of hypothalamic 
cell types 


To better understand the cellular basis of hypo- 
thalamic functions, attention has largely focused 
on the resident neurons that are staggering in 
diversity. Elegant biochemical studies in the 
1950s identified various neuropeptidergic neu- 
rons across the hypothalamus (72), with the true 
extent of hypothalamic neuron heterogeneity 
now being realized with the emergence of single- 
cell omics, particularly single-cell RNA sequenc- 
ing (scRNA-seq). Although hypothalamic neurons 
historically have been classified on the basis of 
neuropeptide phenotype or fast neurotransmit- 
ter identity, scRNA-seq-defined transcriptional 
signatures highlight the complexity of hypotha- 
lamic neuronal populations. For example, some 
neuropeptide transcripts are preferentially ex- 
pressed in glutamatergic neurons (e.g., Oxt, 
Grp, and Ucn3), whereas others are found in 
y-aminobutyric acid-expressing (GABAergic) 
neurons (e.g., Npy and Agrp) or even both (e.g., 
Sst and Crh) (13). Concomitantly, the broad cat- 
egorization of excitatory glutamatergic or in- 
hibitory GABAergic populations can be further 
stratified into subpopulations that express a 
combination of neuropeptides and transcription 
factors (14-16), such as Hert and Pnoc distinguish- 
ing clusters of [hx9+ putative glutamatergic neu- 
rons within the LH (15). Seventeen hypothalamic 
scRNA-seq datasets have been integrated into a 
consolidated and comprehensive mouse hypo- 
thalamic cell atlas, serving as a valuable resource 
for studying hypothalamic function with unpre- 
cedented cell subtype-specific precision (77). 
The challenge now is to translate this tran- 
scriptional profiling into higher-resolution in- 
sights of the cell type-function relationships. For 
instance, a subset of Gal+ and Avpria+ neu- 
rons in the POA are associated with enriched 
cFos expression after pup exposure, which sug- 
gests a role in parenting behavior (18); subtypes 
of orexigenic agouti-related peptide (AgRP) neu- 
rons in the Arc exhibit differential transcriptional 
responses to fasting, potentially representing 
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discrete, energy state-responsive populations 
(79); and molecularly distinct clusters of neu- 
rons in the mammillary bodies are not only spa- 
tially segregated but also project to different 
regions of the anterior thalamus as perhaps 
parts of parallel memory subcircuits (20). To 
build on these largely correlative links and es- 
tablish function, fine dissection of the compo- 
nent parts of diverse hypothalamic circuits will 
require combining newly identified subtype- 
specific markers with targeted genetic tools. 
For example, chemogenetic activation of LH 
Sst+ neurons increases locomotor activity (21), 
whereas activating VMH Esri+ neurons elicits 
both locomotion and heat production (22), which 
highlights that circuits mediating movement 
behaviors are dependent on context. In addition, 
chemogenetic and optogenetic manipulations 
of broad VMH Esri+ neurons reveal this pop- 
ulation to be necessary and sufficient for female 
aggression (23), whereas stereotaxic injection of 
small interfering RNAs (siRNAs) against Rprm, 
which is expressed in a subset of VMH EsrJ+ 
neurons, increases body temperature in female 
mice, consistent with a sex-specific thermoreg- 
ulatory role for this neuronal subpopulation (22). 
These studies underscore the arduous task of 
fine mapping the hypothalamic cell types and 
circuits that control complex behaviors. 

Despite a neuron-centric view of hypotha- 
lamic cell type diversity, the hypothalamus also 
contains heterogeneous glial populations, de- 
fined originally in classical morphological studies 
and more recently by multi-omics approaches. 
These glial cells, including astrocytes, oligoden- 
drocyte precursor cells, oligodendrocytes, mi- 
croglia, ependymal cells, and tanycytes, are not 
simply structural support but are active partic- 
ipants in modulating hypothalamic circuits 
(24). Astrocytes in the SCN, for instance, show 
rhythmic expression of clock genes and influence 
circadian locomotor behavior (25), and microg- 
lial activity in the developing POA is required for 
mating behaviors (26). Glial contributions to 
the hypothalamic control of energy balance are 
also extensive, ranging from leptin response 
modulation by astrocytes and oligodendro- 
cyte precursor cells; to melanin-concentrating 
hormone (MCH)-responsive cilia beating by 
ependymal cells, which may in turn facilitate 
volume transmission of MCH through the cere- 
brospinal fluid; to nutrient sensing, metabolite 
transport, and neurogenesis by multifunctional 
tanycytes (24, 27). Altogether, mounting evi- 
dence indicates that different classes of glia play 
essential roles across neuroendocrine networks, 
with further studies needed. 


Developmental programs of the hypothalamus 


Given the diversity of cellular phenotypes found 
in the hypothalamus, an understanding of when 
and how these cell identities are acquired has 
lagged. According to the columnar model of 
early hypothalamic organization, and with the 
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exception of the telencephalon-derived POA, 
the hypothalamus begins to develop from the 
ventral diencephalon at approximately embry- 
onic day (EF) 8.5 in mice or gestational week 
(GW) 5 in humans, with both extrinsic and in- 
trinsic factors directing regional patterning 
(13). Sonic hedgehog (Shh) drives the expres- 
sion of the classic hypothalamic marker Nkx2.1 
and is required to induce a hypothalamic fate in 
diencephalic progenitors, whereas Bmp and 
Wnt signaling play important roles in establish- 
ing the dorsal-ventral and rostral-caudal axes, 
respectively (28). After early patterning, the de- 
veloping hypothalamus is populated by neu- 
rons, then glia, following the typical pattern 
for other neural tube-derived brain regions: 
Radial glia divide at the ventricular zone, giving 
rise to fate-committed neuronal and glial pre- 
cursors that undergo radial migration into the 


Mouse brain 


lypothalamus 


parenchyma (2). In the developing mouse and 
human hypothalamus, hypothalamic radial 
glia lining the third ventricle can divide asym- 
metrically to generate mantle radial glial cells, 
which serve as intermediate progenitor cells 
(IPCs) located in the mantle zone (29) (Fig. 2A). 
Notably, live-cell imaging of mantle radial glia 
reveals that in addition to undergoing asymmetric 
neurogenic divisions, they can also produce 
cells expressing the progenitor marker SOX2 
(29). Some of these daughter cells have basal 
processes and likely function to maintain the 
mantle radial glia pool, whereas others that 
lack processes are speculated to increase the 
diversity of hypothalamic progenitors and/or 
to contribute to gliogenesis (29). 

Early hypothalamic precursors are heteroge- 
neous (30), supportive of a cascade diversification 
model for hypothalamic neurogenesis. Unlike 
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Fig. 1. A schematic representation of hypothalamic subdivisions in the mouse brain, highlighting 
individual nuclei and associated physiologies. (A) The hypothalamus resides at the base of the brain, with 
its nuclei forming a complex 3D patchwork around the third ventricle across four rostral-caudal regions. 

(B to E) Representative coronal sections of the preoptic (B), anterior (C), tuberal (D), and mammillary (E) 
regions demonstrate the diversity and intercalation of hypothalamic nuclei. (F) The hypothalamic control of 
diverse physiologies and behaviors critical to survival involves coordinated activity across multiple nuclei. 
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the fate-predetermined and stochastic models 
of the cortex and the retina, respectively, the 
cascade diversification model posits that the 
myriad neuronal subtypes required for hypo- 
thalamic function are generated in a stepwise 
amplification of radial glial cells, to intermediate 
progenitors, to neurons (37). In brief, hypotha- 
lamic radial glia give rise to Ascl1+ IPCs, com- 
petent to generate both glutamatergic and 
GABAergic neurons, and Neurog2+ IPCs, which 
primarily produce glutamatergic neurons (31) 
(Fig. 2A). The postmitotic neuronal progeny 
of these complementary pools of intermediate 
progenitors ultimately populate diverse nu- 
clei. In their nascent state, the coexpression 
of multiple peptides in a given neuronal sub- 
type, along with pseudotime analyses, suggest 
that several neuronal phenotypes can emerge 
from a common, initially ambiguous transcrip- 
tional state (37), which points to hypothalamic 
complexity from its origin. Notably, in the Arc, 
fate-mapping experiments reveal that both 
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somatostatin (SST) and AgRP neurons are de- 
rived from SST-expressing nascent neurons 
(31), and distinct subpopulations of neurons 
defined by combinatorial Tbx3, Otp, and Dix1/ 
2/5/6 expression are generated from a common 
multipotent progenitor domain in a mosaic 
and synchronous fashion (32), providing evi- 
dence for this fate diversification. 

As in other areas of the brain, neuronal and 
glial cells in the hypothalamus emerge during 
specific temporal windows (Fig. 2B). Hypotha- 
lamic neurogenesis occurs at approximately 
E10.5 to E16.5 in mice (33) and GW8 to GW10 
in humans (34), with neuronal precursors 
specified by the combinatorial expression of 
transcription factors and their correspond- 
ing regulons (15, 16, 31). In mice, neuronal fate 
commitment is marked by the Div1/2/5/6 and 
Sox11/12 regulons (16), the former of which 
also characterizes neurogenic progenitors in 
the developing human hypothalamus (34). Fur- 
ther region- and nucleus-specific identity is 
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Fig. 2. Developmental programs of the mouse hypothalamus. (A) Radial glial cells (RGCs) divide at the 
ventricular zone (VZ) and give rise to both glia (tanycytes, oligodendrocytes, and ventricular zone-residing 
ependymal cells) and neurons. Hypothalamic neurogenesis is proposed to occur through a cascade 
diversification model in which ventricle-adjacent radial glia generate Neurog2+ and Ascil+ intermediate 
progenitors located in the mantle zone. These intermediate progenitors then generate nascent glutamatergic 
or GABAergic neurons that ultimately differentiate into the range of neuronal subtypes found in the 
mature hypothalamus. (B) Schematic representation of the timing of neurogenesis and gliogenesis in the 
developing hypothalamus. Glu, glutamatergic; GABA, GABAergic. 
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conferred by additional gene regulatory net- 
works, such as Lhx5 for the mammillary hy- 
pothalamus and Foxal for the SuM (J5), and 
neuronal generation proceeds in an outside- 
in, rostral-caudal pattern (32, 34). Compara- 
tively less is known about gliogenesis, but the 
process initiates upon the decline of neurogen- 
esis (16, 34) under the control of the Hes5, Sox9, 
and Nfta regulons (16). Tanycytes are among 
the first-born glial cells, with most generated 
between E13 and E15 (30), followed by the onset 
of oligodendrocyte lineage cells (E13.5 or GW10), 
astrocytes (E15.5 or GW15) (34, 35), and finally 
ependymal cells (E17.5 or GW18) (16, 34) (Fig. 
2B). Notably, oligodendrocyte development oc- 
curs relatively early in humans compared with 
mice, with in silico cell-cell communication pre- 
diction suggesting a potential human-specific 
role for early oligodendrocyte lineage cells in 
facilitating neuronal survival and maturation 
through Wnt and integrin signaling (34). The 
role of glia in neuronal maturation and cir- 
cuitry establishment continues to emerge as 
the genetic programs governing hypothalamic 
development are revealed. 


Environmental influences on 
hypothalamic development 


Curiously, the developing hypothalamus is in- 
fluenced by the external environment, changing 
programs in response to the cues perceived to de- 
fine the environment in which it will live (Fig. 3A). 
This concept of fetal programming or develop- 
mental origins of heath and disease (DOHaD) is 
not new, but it does seem especially pronounced 
in the murine fetal hypothalamus, perhaps re- 
flecting the eventual central role of the hypo- 
thalamus as a sensing brain region responsible 
for adjusting a range of homeostatic and behav- 
ioral systems to match the current environment. 

Accumulating evidence illustrates the per- 
manent effects of environmental inputs during 
development on proper hypothalamic function 
later in life. In both human and animal models, 
a maternal high-fat diet can induce meta- 
bolic disorders in the offspring by altering Arc 
neuropeptides, signaling, neuroinflammation, 
and/or epigenetics (36). In mice, maternal 
cold stress causes hypothalamic fetal microg- 
lia to sex-specifically disrupt oxytocin neuro- 
nal numbers (37), and maternal fever (through 
exogenous immune activation) accelerates the 
onset of puberty with accompanying changes 
in hypothalamic Kiss1, Tac2, and KissIr gene 
expression (38). Furthermore, anthropologi- 
cal chemicals, especially endocrine-disrupting 
chemicals that mimic hormones, such as the 
xenoestrogen bisphenol A (BPA), can perturb 
developmental hypothalamic programs. Ma- 
ternal exposure to environmentally relevant 
levels of BPA can cause precocious neurogen- 
esis in the SCN of embryonic mice, leading to 
a concomitant disruption of circadian rhythms 
(39) as well as changes in the development of 
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kisspeptin and gonadotropin-releasing hor- 
mone (GnRH) neurons, resulting in fertility 
issues in females (40). Beyond bisphenols, many 
studies have shown that exposure to air pol- 
lution particle matter, diesel exhaust, polychlorin- 
ated biphenyls, and nicotine can interfere 
with hypothalamic neuro- and gliogenesis (41). 
The true impact of environmental inputs on 
human hypothalamic development is less de- 
fined, with large cohort studies needed to fur- 
ther delineate their influence. 


Hypothalamic connectivity that drives 
physiology and behaviors 


Given that hypothalamic development is a 
protracted series of steps whereby a neuron 
born at a specific time migrates to the correct 
location and forms appropriate synaptic con- 
nections, it is perhaps not surprising that com- 
plex developmental programs progress into 
intricate circuit formation. As a neural integra- 
tion center, the hypothalamus connects to the 
endocrine system via the pituitary and the cir- 
cumventricular organs (CVOs) as well as to other 
neural centers through intra- and extrahypotha- 
lamic circuits that control behaviors (Fig. 3). The 
sophistication of these connections is central 
to the myriad physiologies and behaviors that 
the hypothalamus controls. 


Neuroendocrine connectivity 


The hypothalamus connects to the anterior 
and posterior lobes of the pituitary via the 
infundibulum (also known as the pituitary 
stalk). Briefly, magnocellular neurons that 
originate in the PVN and SON send axons 
that travel through the infundibulum and ter- 
minate in the posterior pituitary, where they 
secrete arginine-vasopressin and oxytocin to be 
released into peripheral circulation. The con- 
nection to the anterior pituitary is less direct, 
with neurons in the POA and other regions 
secreting hypothalamic-releasing hormones 
(e.g. GnRH and CRH) into the ME, where the 
hypophyseal-portal vasculature transports them 
to the anterior pituitary to stimulate the syn- 
thesis and secretion of pituitary hormones (e.g., 
luteinizing hormone, follicle-stimulating hor- 
mone, and adrenocorticotropic hormone) that 
then act on peripheral endocrine organs (42). 
Notably, the release of these neuropeptides or 
hormones is either contributed by multiple 
nuclei (i.e., arginine-vasopressin and oxytocin 
by the PVN and SON) or is the result of inter- 
actions among multiple nuclear clusters (e.g., 
the release of follicle-stimulating hormone by 
the interactions among AVPV, POA, and Arc), 
which emphasizes the extensive cooperation 
between hypothalamic nuclei (Fig. 1F). 

The neuroendocrine hypothalamus also re- 
lies on highly permeable brain regions that 
reside outside the blood-brain barrier to sense 
peripheral cues, referred to as the CVOs: the 
organum vasculosus of the lamina terminalis 
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Fig. 3. The hypothalamus as an integration center driving key physiologies. (A) The hypothalamus 
receives and integrates environmental information, peripheral information, and neural signals to regulate 
physiologies and behaviors via connections to the endocrine system and intra- and extrahypothalamic neural 
centers. (B) After food intake, POMC neurons in the Arc that project to PVN neurons increase satiety, thus 
decreasing food intake (purple). During fasting, NPY/AgRP-expressing neurons in the Arc that project to the PVN 
increase food intake while also decreasing satiety by inhibiting (i) POMC neurons directly and (ii) the anorexigenic 
POMC inputs on PVN neurons (blue). (C) Kiss] neurons in the AVPV together with KNDy neurons in the Arc 
act on GnRH neurons in the POA to control the pulsatile release of GnRH, luteinizing hormone (LH), and follicle- 
stimulating hormone (FSH) to regulate female fertility. (D) Responding to light input from the retinal-hypothalamic 
tract, the SCN maintains circadian rhythms through the autoregulatory transcriptional-translational feedback 
loops of clock genes, such as Bmall, Clock, Period1,2,3, and Cry1,2. 3V, third ventricle. 


(OVLT), the subfornical organ (SFO), and the 
ME (Fig. 3A). The OVLT resides in the anterior 
wall of the third ventricle and detects circulat- 
ing chemokines and cytokines to initiate body 
temperature changes as well as monitor solute 
levels to drive regulation of water balance and 
thirst (43). The SFO is positioned in the dorsal 
surface of the third ventricle and is the pri- 
mary sensor of circulating angiotensin II to 
communicate with brain centers that regulate 
blood pressure, sympathetic outflow, and neuro- 
endocrine factors (43). The ventral-residing 
ME’s primary function is to provide a portal 
for the secretion of hypothalamic-releasing 
hormones into the anterior pituitary, but its 
capillary bed is also in direct contact with hy- 
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pothalamic ventricular cells and Arc neurons, 
which suggests a role in sensing peripheral sig- 
nals (43). Recently, a SCN-OVLT vascular por- 
tal was identified that retrogradely transports 
arginine-vasopressin from the hypothalamus 
to the OVLT for secretion into broader circula- 
tion (44), thereby creating a second portal system 
outside the hypophyseal vasculature, which leads 
to intriguing questions as to whether hypo- 
thalamic neurons can secrete neuropeptides 
for peripheral circulation independent of the 
pituitary. 


Hypothalamic neural connectivity 


Individual hypothalamic nuclei are highly inter- 
connected to facilitate the coordinated regulation 
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of energy balance, reproduction, sleep-wake, stress 
responses, thermoregulation, osmoregulation, 
and blood pressure. Moreover, the hypothalamus’s 
central positioning within the brain facilitates 
broader neural connectiveness, such as through 
the dorsal longitudinal fasciculus to the brain- 
stem, across the medial forebrain bundle to the 
neocortex, via the stria terminalis to the amyg- 
dala, and within the mammillothalamic tract to 
the thalamus, among others. Each of these 
pathways contributes to a range of neural pro- 
cesses, making the hypothalamus an important 
contributor to a multitude of behaviors (45). 
Herein, we provide a high-level overview of the 
hypothalamus’s role in the limbic system plus 
three well-established circuits to illustrate the 
interconnectiveness of hypothalamic nuclei: ener- 
gy balance, reproduction, and circadian rhythms. 

Alongside the amygdala, thalamus, and hip- 
pocampus, the hypothalamus is a key compo- 
nent of the limbic system. The limbic circuitry 
serves as a crucial interface between cognitive 
functions, emotions, and adaptational responses 
and allows for the formation of memories, learn- 
ing from experiences, and behavioral adapta- 
tions in response to the environment. The major 
hypothalamic-limbic connections include the 
hippocampal-centered circuits that connect via 
the fornix to regulate the anterograde episodic 
memory and the amygdala-centered circuits 
interconnected with the stria terminalis and 
thalamus that are considered fundamental for 
the processing of mood, affect, and emotions 
(42, 45) (Fig. 3A). 

Centrally, the hypothalamus relies on a com- 
plex interplay of hypothalamic circuitry to reg- 
ulate energy balance. Simplistically, the drive 
to forage is mediated by neurons coexpressing 
orexigenic neuropeptide Y (NPY) and AgRP 
(NPY/AgRP) in the Arc that activate melanocor- 
tin hormone- and orexin-expressing neurons in 
the LH that increase food intake, whereas satiety 
is primarily controlled by POMC neurons in 
the Arc that project to PVN neurons to release 
a-melanocyte-stimulating hormone and decrease 
food intake. Second-order neurons in the PVN, 
VMH, DMH, and LH also send additional intra- 
and extrahypothalamic projections that help 
regulate feeding (46). Notably, when energy 
levels are low, NPY/AgRP-expressing neurons 
can directly inhibit POMC neurons to effectively 
block satiation (47) (Fig. 3B). 

Alongside energy balance, the hypothalamus 
plays a fundamental role in regulating repro- 
duction. Prenatally, GnRH neurons migrate from 
the olfactory placode to the POA, where they 
remain quiescent until acted upon at puberty 
by pulsatile kisspeptin release from Arc neu- 
rons that coexpress kisspeptin, neurokinin 
B, and dynorphin (KNDy) and drives synchron- 
ized GnRH secretion (48) (Fig. 3C). KNDy neu- 
rons together with the kisspeptin (Kiss7) neurons 
in AVPV control the feedback loop that reg- 
ulates this pulsatile gonadotropin release and 


Fong et al., Science 382, 388-394 (2023) 


induces sex steroid synthesis and secretion from 
the gonads as well as gametogenesis (49). KNDy 
neurons are involved in the negative feedback 
of sex steroids, whereas Kiss] neurons in the 
female AVPV are involved in the positive feed- 
back of hormones leading to the preovulatory 
luteinizing hormone surges (Fig. 3C). Given that 
reproduction is an energy-demanding event, a 
tight relationship between metabolic status 
and reproduction exists, with melanocortin neu- 
rons and kisspeptin neurons in the Arc in- 
fluencing each other (50), although the full 
mechanisms are still emerging. 

The hypothalamus is the central circadian 
pacemaker in mammals, with the SCN receiving 
light input from the retinohypothalamic tract to 
entrain the environmental light-dark cycle (Fig. 
3D). Mechanistically, neurons of the SCN gen- 
erate autonomous cellular circadian oscillations 
through the autoregulatory transcriptional- 
translational feedback loops of clock genes, such 
as Bmall, Clock, Period1,2,3, and Cryl,2, which then 
regulate large gene networks to control syn- 
chrony of cellular activities (57). These SCN neu- 
rons regulate circadian rhythms by interacting 
with other wakefulness- and sleep-promoting 
circuits in the POA, DMH, PVN, and LH, releas- 
ing transforming growth factor-a (TGF-o) and 
prokineticin 2 and sensing changes in body 
temperature (5), for example. The LH is espe- 
cially crucial in controlling sleep-wake cycles, 
with orexin neurons promoting wakefulness 
and maintained arousal during the day (5). 


Emerging circuits of the hypothalamus 


Advancements in cellular techniques, such as 
cell type-specific viral transfections, antero- 
and retrograde tracing, and chemogenetic and 
optogenetic manipulations, facilitate a higher- 
resolution probing of hypothalamic connec- 
tivity, leading to the identification of emerging 
circuits. Recently, the PVN and the LH were 
revealed to help regulate pain, with parvocel- 
lular oxytocin neurons in the PVN simulta- 
neously projecting to magnocellular oxytocin 
neurons in the SON and deep-layer neurons in 
the spinal cord to suppress nociception and 
promote analgesia (52). Moreover, activation 
of PVN neurons that project to the neocortex 
reduces pain sensitization and anxiety-like 
behaviors (53), whereas LH orexin neurons that 
project to the dorsal horn of the spinal cord 
mediate antinociceptive effects (54). These find- 
ings implicate the hypothalamus as an under- 
appreciated region involved in the regulation of 
autonomic and motivational responses to pain. 
Moreover, the hypothalamus is emerging as 
a neural integration center for gut-derived hor- 
mones and microbiota metabolites. Serotonin, 
cholecystokinin, and peptide YY hormones se- 
creted by the gut can inhibit the activity of 
hunger-promoting hypothalamic AgRP neurons 
to induce satiety (55), whereas secretin released 
from colon endocrine cells indirectly activates 
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neurons in the nucleus of the solitary tract that 
project to the PVN to modulate sodium ho- 
meostasis (56). In addition, muropeptides de- 
rived from gut bacteria can be transferred to the 
hypothalamus, where they act on GABAergic 
neurons to regulate food intake and body tem- 
perature (57). Less understood is the influence 
of the maternal microbiome on developmental 
programs of the hypothalamus, although mater- 
nal treatment with the so-called good bacterium, 
Lactobacillus, corrects a gut microbial imbalance 
from a maternal high-fat diet, restoring oxytocin 
levels in the developing PVN and reversing social 
deficits in offspring (58). Mapping the hypo- 
thalamic circuitry responsive to the gut micro- 
environment will require a multidisciplinary 
approach that combines microbiome profiling 
and multi-omics integration with rodent gnoto- 
biotic and behavioral studies. 


The hypothalamus as a debated adult 
neurogenic center 


A less-recognized output of the hypothalamus 
is its influence on adult neurogenesis in the two 
key neurogenic centers: the neocortex and the 
hippocampus (Fig. 4A). In response to metabolic 
cues, POMC neurons in the Arc send projections 
to the ventricular-subventricular zone of the neo- 
cortex and regulate neural stem cell proliferation 
that drives adult neurogenesis of deep granule 
neurons (59). Similarly, optogenetic stimulation 
of hypothalamic SuM neurons robustly pro- 
motes adult neuronal birth in the hippocampal 
dentate gyrus, leading to increased production 
of adult-born neurons and improved memory 
performance (60). These studies raise the com- 
pelling possibility that the hypothalamus serves 
as a conduit, translating sensory inputs into out- 
comes in adult neurogenic niches. 

At the same time, an ongoing debate con- 
tinues as to whether the hypothalamus itself is 
a bona fide adult neurogenic center. The ven- 
tricular zone of the adult hypothalamus has 
neurogenic potential, with low levels of adult- 
born hypothalamic neurons found in the POA 
and the tuberal hypothalamus. Tanycytes, spe- 
cialized glia that reside in this niche, have a 
radial glia-like morphology and transcriptomic 
signature (61), which suggests a shared role in 
cell genesis (Fig. 4B). Short-term exposure to a 
high-fat diet induces hypothalamic ventricular 
cells to proliferate and give rise to neurons (62), 
with genetic fate mapping linking adult neuro- 
genesis to tanycytes in the ME (63). Evidence 
is not conclusive as to whether these newly born 
neurons are functionally integrated into hypo- 
thalamic circuits, although these newly born 
tanycyte-derived neurons display some electro- 
physiological properties of functional neurons 
(64), and transplanted immature hypothalamic 
neurons reconstitute leptin responsiveness in 
obese db/db mice (65), demonstrating the fea- 
sibility of adult integration. Given the low num- 
bers of hypothalamic adult-born neurons relative 
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Fig. 4. Adult neurogenesis mediated by the hypothalamus. (A) In response to environmental cues, projections from POMC Arc neurons to the ventricular- 
subventricular zone (V-SVZ) regulate neural stem cell (NSC) proliferation, which then modulates adult neurogenesis in the deep granule cell layer (GCL) of the olfactory 
bulb. Optogenetic activation of SuM neurons increases adult neurogenesis in the hippocampal dentate gyrus, which improves memory performance after putative 
circuit integration. (B) Radial glia—like tanycytes are thought to contribute to adult neurogenesis in the Arc and VMH, among other hypothalamic regions. 


to those produced by the neocortical and hippo- 
campal niches (62), questions continue regard- 
ing the functional relevance of these adult 
hypothalamic neurons. 


Future directions 


The hypothalamus is an ancient brain region 
that predates the evolution of the vertebrate 
brain, with hypothalamic neurosecretory cells 
found in insects and annelids (66). Comparative 
studies show species-specific hypothalamic pro- 
grams that are either gained or lost during evo- 
lution, which raises compelling questions about 
the developmental and functional relationships 
between the hypothalamus and specialized 
areas of the mammalian brain, especially the 
neocortex. For example, the hypothalamus is 
more complex in cytoarchitecture and cell di- 
versity compared with the neocortex, where 
the columnar units are relatively consistent 
across the cortical plate despite mediating 
an extensive range of cognitive functions. This 
observation perhaps reflects an evolutionary 
simplification of the potentially surplus net- 
works used by the hypothalamus or, alter- 
natively, reveals the necessary redundancy in 
circuitry needed to ensure survival. Relatedly, 
the hypothalamus and neocortex use different 
strategies to yield neuronal diversification, 
which may further reflect an adoption of sim- 
plified programs in the neocortex. Indeed, some 
hypothalamic cell types common across verte- 
brates, such as ciliated ependymal serotonergic 
cells, are absent in the mammalian hypothal- 
amus (67), but related homologs are found in 
the lateral ventricles, which raises questions as 
to whether some primitive hypothalamic func- 
tions have been assumed by other brain regions. 
Molecular and genetic tools, such as spatial 
transcriptomics and cell type-specific Cre lines, 
can provide insights into the relationship be- 
tween hypothalamic cell types and the func- 
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tional roles of related cells in other brain regions, 
especially the neocortex. 

Historically, hypothalamic neurons have re- 
ceived the lion’s share of research attention, but 
today, neuron-to-glia, glia-to-neuron, and glia- 
to-glia communication is more appreciated. 
Glial cells in the ventricular zone not only give 
rise to all cell types in the hypothalamus but 
also sense peripheral cues via the CVOs and 
transfer these signals to nearby neurons. More- 
over, parenchymal glia, consisting of microglia, 
astrocytes, and cells of oligodendrocyte lineages, 
interact with neurons to control synaptic trans- 
mission, among other roles. Chronic high-fat 
diet in mice, for instance, can cause astrogliosis 
and microglia activation, leading to neuroin- 
flammatory effects on nearby hypothalamic 
neurons. Although most hypothalamic axons 
are not myelinated, many input projections are, 
which makes defects in myelination potentially 
relevant to hypothalamic diseases, which re- 
main poorly characterized. As the mapping of 
hypothalamic connectivity continues, the in- 
fluence of neural glia on these circuits must 
also be examined. 

Modern molecular tools have generated a 
wealth of data that enable the cataloging of 
hypothalamic cell types, which now must be 
interrogated for their roles in development 
and function. To do so, specialized Cre lines 
that target increasingly discrete subpopula- 
tions are needed. For instance, Sst+ neurons 
in the LH were recently stratified into four mo- 
lecularly distinct populations (2D, potentially 
each requiring their own Cre line to enable func- 
tional characterization. Furthermore, Cre drivers 
can be used in combination with chemogenetic 
and optogenetic lines to activate or inhibit 
neuronal populations, such as with diptheria 
toxin to ablate specific cell types, stereotaxic 
injections of siRNAs and/or short hairpin 
RNAs (shRNAs) to knock down target genes, 
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or floxed reporters to study lineages. Further- 
more, dead CRISPR-Cas9 enzymes (dCas9s) 
are increasingly used to activate or inhibit tar- 
geted transcription factors to study the combi- 
natorial code driving developmental programs 
(68). Finally, the field must continue to pursue 
human model systems, including hypothalamic 
primary and organoid cultures enriched with 
various combinations of hypothalamic nuclei, 
to confirm developmental and network findings 
(where feasible) observed in rodents. In conclu- 
sion, deciphering the fundamental mechanisms 
of hypothalamic development and circuitry es- 
tablishment is critical to our understanding of 
physiological homeostasis and behaviors and 
should facilitate the discovery of the underly- 
ing etiology of many disease states. 


REFERENCES AND NOTES 


C. B. Saper, B. B. Lowell, Curr. Biol. 24, R1111-R1116 (2014). 

Y. Xie, R. |. Dorsky, Development 144, 1588-1599 (2017). 

E. A. Markakis, Front. Neuroendocrinol. 23, 257-291 (2002). 

J. P. Herman et al., Compr. Physiol. 6, 603-621 (2016). 

T. E. Scammell, E. Arrigoni, J. O. Lipton, Neuron 93, 747-765 

(2017). 

6. R.A. Gorski, R. E. Harlan, C. D. Jacobson, J. E. Shryne, 
A. M. Southam, J. Comp. Neurol. 193, 529-539 (1980). 

7. L.S. Allen, M. Hines, J. E. Shryne, R. A. Gorski, J. Neurosci. 9, 
497-506 (1989). 

8. N. Scott, M. Prigge, O. Yizhar, T. Kimchi, Nature 525, 519-522 
(2015). 

9. C.F. Yang et al., Cell 153, 896-909 (2013). 

0. C. Wang et al., Nat. Commun. 9, 1544 (2018). 

1. D. W. Bayless et al., Cell 186, 3862-3881.e28 (2023). 

2. R. Guillemin, Science 202, 390-402 (1978). 

3. M. Benevento, T. Hékfelt, T. Harkany, Nat. Rev. Neurosci. 23, 

611-627 (2022). 

A. R. Chen, X. Wu, L. Jiang, Y. Zhang, Cell Rep. 18, 3227-3241 (2017). 

5. D. W. Kim et al., Nat. Commun. 11, 4360 (2020). 

6. R. A. Romanov et al., Nature 582, 246-252 (2020). 

7 

8. 


aRwNe 


. L. Steuernagel et al., Nat. Metab. 4, 1402-1419 (2022). 

. JR. Moffitt et al., Science 362, eaau5324 (2018). 

9. J. N. Campbell et al., Nat. Neurosci. 20, 484-496 (2017). 

20. L. E. Mickelsen et al., eLife 9, e58901 (2020). 

21. L. E. Mickelsen et al., Nat. Neurosci. 22, 642-656 (2019). 

22. J. E. van Veen et al., Nat. Metab. 2, 351-363 (2020). 

23. K. Hashikawa et al., Nat. Neurosci. 20, 1580-1590 (2017). 
24. J. Clasadonte, V. Prevot, Nat. Rev. Endocrinol. 14, 25-44 (2018). 
25. O. Barca-Mayo et al., Nat. Commun. 8, 14336 (2017). 


6 of 7 


SPECIAL SECTION 


THE HYPOTHALAMUS 


26 


. K. M. Lenz, B. M. Nugent, R. Haliyur, M. M. McCarthy, J. Neurosci. 
33, 2761-2772 (2013). 


27. S. Nampoothiri, R. Nogueiras, M. Schwaninger, V. Prevot, 


28. 


Nat. Metab. 4, 813-825 (2022). 
. S. Burbridge, |. Stewart, M. Placzek, Compr. Physiol. 6, 
623-643 (2016). 


29. X. Zhou et al., Nat. Commun. 11, 4063 (2020). 


30 
31. 
32 


33 
34. 


35, 
36. 


. D. W. Kim et al., Cell Rep. 38, 110251 (2022). 
Y. H. Zhang et al., Cell Stem Cell 28, 1483-1499.e8 (2021). 

. T. Ma, S. Z. H. Wong, B. Lee, G. L. Ming, H. Song, Neuron 109, 
1150-1167.e6 (2021). 

. J. Altman, S. A. Bayer, Adv. Anat. Embryol. Cell Biol. 100, 1-178 
(1986). 

. X. Zhou et al., Cell Stem Cell 29, 328-343.e5 (2022). 

. C. M. Marsters et al., Neural Dev. 11, 20 (2016). 

. B. Harmancioglu, S. Kabaran, Front. Genet. 14, 1158089 (2023). 


37. J. M. Rosin, S. Sinha, J. Biernaskie, D. M. Kurrasch, Dev. Cell 


38. 


39. 


40 


4). 


42 
43 


Fong et al., Science 382, 388-394 (2023) 


56, 1326-1345.e6 (2021). 

. X. Zhao, M. Erickson, R. Mohammed, A. C. Kentner, Dev. 
Psychobiol. 64, e22278 (2022). 

. D. Nesan, K. M. Feighan, M. C. Antle, D. M. Kurrasch, Sci. Adv. 
7, eabd1159 (2021). 

. C. Pivonello et al., Reprod. Biol. Endocrinol. 18, 22 (2020). 
L. Koshko, S. Scofield, G. Mor, M. Sadagurski, Front. Endocrinol. 
13, 938094 (2022). 

. H. L. Muller et al., Nat. Rev. Dis. Primers 8, 24 (2022). 

. G. |. Uwaifo, The Human Hypothalamus: Anatomy, Dysfunction 
and Disease Management (Springer, 2020). 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


be; 
53. 
54. 
55. 
56. 


57. 


58. 
59: 
60. 


61. 


62. 
63. 
64. 
65. 


27 October 2023 


R. Silver, Y. Yao, R. K. Roy, J. E. Stern, J. Neuroendocrinol. 35, 


13245 (2023). 
P. Y. Risold, R. H. Thompson, L. W. Swanson, Brain Res. Rev. 
24, 197-254 (1997). 


S. G. Bouret, in Appetite and Food Intake: Central Control, R. Harris, 


Ed. (CRC Press, ed. 2, 2017), pp. 135-154. 

K. Timper, J. C. Briining, Dis. Model. Mech. 10, 679-689 
(2017). 

Y. Uenoyama, N. Inoue, S. Nakamura, H. Tsukamura, 
Front. Endocrinol. 10, 312 (2019). 

\V. M. Navarro, M. Tena-Sempere, Nat. Rev. Endocrinol. 8, 
40-53 (2011). 

V. M. Navarro, Nat. Rev. Endocrinol. 16, 407-420 (2020). 
J. S. Takahashi, Nat. Rev. Genet. 18, 164-179 (2017). 

M. Eliava et al., Neuron 89, 1291-1304 (2016). 

X. H. Li et al., Cell Rep. 36, 109411 (2021). 

Y. Jeong, J. E. Holden, Neuroscience 159, 1414-1421 (2009). 
L. R. Beutler et al., Neuron 96, 461-475.e5 (2017). 

Y. Liu et al., Sci. Adv. 9, eadd5330 (2023). 

|. Gabanyi et al., Science 376, eabj3986 (2022). 

S. A. Buffington et al., Cel! 165, 1762-1775 (2016). 


A. Paul, Z. Chaker, F. Doetsch, Science 356, 1383-1386 (2017). 


Y. D. Li et al., Nat. Neurosci. 25, 630-645 (2022). 


T. Goodman, M. K. Hajihosseini, Front. Neurosci. 9, 387 (2015). 


S. Yoo, S. Blackshaw, Prog. Neurobiol. 170, 53-66 (2018). 
D. A. Lee et al., Nat. Neurosci. 15, 700-702 (2012). 

S. Yoo et al., Sci. Adv. 7, eabg3777 (2021). 

A. Czupryn et al., Science 334, 1133-1137 (2011). 


66. L. A. Lemaire, C. Cao, P. H. Yoon, J. Long, M. Levine, Sci. Adv. 
7, eabf7452 (2021). 

67. T. K. Sato et al., Neuron 43, 527-537 (2004). 

68. C. T. Breunig et al., PLOS ONE 13, e0196015 (2018). 


ACKNOWLEDGMENTS 


We thank Kurrasch laboratory members for stimulating 
discussions and V. Navarro for helpful insights. We apologize to 
those whose studies were not cited owing to space limitations. 
Funding: Research into hypothalamic development and function is 
funded by the Canadian Institutes of Health Research (CIHR) and 
the Natural Sciences and Engineering Research Council of Canada 
(NSERC) (to D.K.), a CIHR postdoctoral fellowship to J.Z. (MFE- 
183073), and a NSERC graduate student fellowship to H.F. (PGSD- 
569191-2022). Author contributions: H.F. and J.Z. contributed 
equally and have the right to list their name first on their CVs. 
Competing interests: D.K. is the cofounder of Path Therapeutics, 
which is focused on the discovery of antiseizure medications 

and is not in conflict with the topics discussed herein. The other 
authors declare no competing interests. License information: 
Copyright © 2023 the authors, some rights reserved; exclusive 
licensee American Association for the Advancement of Science. No 
claim to original US government works. https://www.science.org/ 
about/science-licenses-journal-article-reuse 


Submitted 1 August 2023; accepted 28 September 2023 . 
10.1126/science.adh8488 


7 of 7 


SPECIAL SECTION 


THE HYPOTHALAMUS 


REVIEW 


Neurocircuits for motivation 


Garret D. Stuber??:3* 


The nervous system coordinates various motivated behaviors such as feeding, drinking, and escape to promote 
survival and evolutionary fitness. Although the precise behavioral repertoires required for distinct motivated 
behaviors are diverse, common features such as approach or avoidance suggest that common brain substrates 
are required for a wide range of motivated behaviors. In this Review, | describe a framework by which neural 
circuits specified for some innate drives regulate the activity of ventral tegmental area (VTA) dopamine neurons to 
reinforce ongoing or planned actions to fulfill motivational demands. This framework may explain why signaling 
from VTA dopamine neurons is ubiquitously involved in many types of diverse volitional motivated actions, 
as well as how sensory and interoceptive cues can initiate specific goal-directed actions. 


he scientific study of motivation and its 

essential biological substrates boasts a 

long and rich history rooted in both phi- 

losophy and science (7). Work carried out 

in the 20th century such as Pavlov’s dis- 
covery of conditioning (2) and Skinner’s research 
on reinforcement (3) laid the behavioral foun- 
dation for the study of motivation. These and 
other concepts led to the identification of 
specific “neural centers,” including parts of the 
hypothalamus, that could produce or suppress 
specific motivated actions (4, 5). Although we 
now appreciate that animal behavior encom- 
passes a diverse spectrum of physiological and 
emotional components that are both innate and 
learned, we can simplify the motivating factors 
that guide our actions into two opposing pri- 
mordial goals: efficiently obtaining rewards 
and avoiding threats or their proxies. In this 
Review, I operationally define motivation as 
measurable approach, avoidance, or action in 
response to specific sensory stimuli to fulfill a 
biological need. In a broad sense, biological 
needs encompass natural behaviors such as 
feeding, drinking, sleep, reproduction, safety, 
and territorial defense. Effort, on the other 
hand, requires some measure of the amount 
of work, force, or other physical exertion that 
an organism is willing to perform to receive or 
avoid some exogenous stimulus. Motivation 
does not necessarily require effort but is often 
highly correlated with it, with notable excep- 
tions such as impulsive or habitual behaviors. 
However, a mismatch between motivation and 
effort expended to obtain or avoid something 
generally indicates a disrupted behavioral pro- 
cess found in several conditions, ranging from 
addiction to depression (6). 

To start dissecting the biological basis of 
motivation, we need to consider how an orga- 
nism’s nervous system interacts with its environ- 
ment to catalyze essential biological processes 
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such as learning and reinforcement, emotion 
generation, physiological homeostasis, and ulti- 
mately goal-directed motor output. This task 
may seem daunting, given the complexity of any 
single process and the intricacy of animal be- 
havior. However, research in rodents over largely 
the past decade has identified brain circuits and 
cell types that participate in innate or instinc- 
tive behaviors such as feeding, drinking, and 
avoidance of pain. This emerging understand- 
ing reveals a cohesive neurocircuit framework in 
which primary sensory and interoceptive stimuli 
are directly and indirectly conveyed to subcor- 
tical systems to direct adaptive goal-directed 
motivated behavioral output. 

In this neurocircuit framework (Fig. 1), salient 
features of sensory information are first detected 
by genetically defined sensory neurons that in- 
nervate the periphery. These systems convey 
information about the animal’s environment 
to evolutionary ancient brain regions such as 
the brainstem and hypothalamus as well as 
to primary and secondary sensory cortices. 
Lower-dimensional features of this sensory 
information are then routed to cortico-limbic 
regions where learning causal associations be- 
tween environmental features and internal 
state occurs. These learning- and prediction- 
associated regions include the amygdala, hippo- 
campus, and frontal cortices. Networks within 
these structures further process and aggregate 
sensory and learned information to guide sub- 
sequent adaptation and decision-making on 
the basis of current needs, environment, and 
experience. Glutamatergic output from this 
learning and prediction network targets sub- 
cortical structures, such as the hypothalamus, 
extended amygdala, and ventral striatum. They 
are essential for instinctive behavioral pro- 
grams related to feeding, drinking, aggression, 
reproduction, and escape. Neurons within 
these subcortical subregions are genetically 
and functionally diverse, but many key molecu- 
lar markers reliably mark discrete cell popula- 
tions and circuits. Moreover, these circuits are 
directly and indirectly regulated by biological 
signals, including circulating hormones released 
from the periphery. Hormonal signaling within 


(. 


molecularly defined circuits further shapes { ce 
activity dynamics and molecular states to a.J-— 
incoming signals from the learning and sensory 
layers to fully engage instinct layer networks 
that are particularly critical for neural systems 
for social motivation, such as mating (7-9), 
aggression (0, 11), and parenting behaviors 
(12-14). Neuronal output from the ventral stria- 
tum, extended amygdala, and hypothalamus 
primarily targets midbrain and hindbrain neu- 
rons, including those in the ventral tegmental 
area (VTA), where information associated with 
motivating stimuli converges to regulate the 
release of dopamine in the forebrain. 


VTA circuits and cell types for 
motivated behavior 


At the heart of motivational circuits are the 
VTA dopamine neurons, which send dense 
projections to the nucleus accumbens (NAc) 
of the ventral striatum to produce motiva- ” 
tional gain control and feedback to drive the 
formation of reproducible actions (Fig. 2). 
Dopamine signaling drives reinforcement 
(15, 16), produces incentive salience (17), en- 
codes learning- related prediction errors signals 
(8, 19), and conveys causal associations (20). 
Individual VTA dopamine neurons can also 
encode distinct aspects of sensory, motor, and 
cognitive variables related to motivation (27) 
as well as gastrointestinal signals related to . 
feeding and drinking (22). Optogenetic stim- 
ulation of VTA dopamine neurons produces 
a generic motivation signal that can reinforce 
even arbitrary actions (16, 23-25). Because of 
their relatively low number in the brain, and 
stereotypical response patterns, VTA dopamine 
neurons likely receive reduced forms of infor- 
mation arriving from multiple competing 
sources. Dopamine neurons require synaptic 
inputs from both local and distal cells to reg- 
ulate their activity. This creates atemporally , 
dynamic system to reinforce actions associ- 
ated with a particular motivated behavior state 
in downstream basal ganglia circuits (25). 
Besides ventral striatal projecting dopamine 
neurons, dopamine neurons that target the 
prefrontal cortex, amygdala, and other struc- 
tures likely support distinct functions (26, 27). 
VTA y-aminobutyric acid (GABA)-releasing 
neurons are molecularly distinct (28) and are the 
principal regulator of VIA dopamine neurons to 
inhibit their activity, reduce reward consump- 
tion (29), and produce generalized aversion 
(30). Furthermore, VTA GABAergic neurons 
provide a subtractive signal to VTA dopamine 
neurons that inhibits them when reward is 
expected, causally contributing to prediction 
error calculations (37). Most primary affer- 
ents to the VTA target both GABAergic and 
dopaminergic neurons (32, 33), where mono- 
synaptic inputs to these cells can encode aspects 
of prediction error signals, but do not recap- 
itulate full prediction-error signals observed 
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in VTA dopaminergic neurons (34). Excitatory 
synaptic inputs from the lateral habenula (LHb) 
predominantly serve as a source of excitatory 
drive to the VTA GABAergic neurons, promoting 
aversion or avoidance (24, 35). LHb neurons that 
project to VTA function to convey aversive sti- 
muli information, which can immediately lead 
to reductions in dopaminergic activity and cause 
animals to disengage from ongoing behaviors or 
promote escape behavior. Reductions in dopa- 
mine neuron activity frequently correlate with 
aversion or prediction errors; however, there is 
increased dopamine release in the medial shell 
of the NAc and the medial prefrontal cortex after 
aversive stimuli presentation, further high- 
lighting the diversity of dopamine neurons 
in the VTA (26, 27). LHb neurons themselves 
receive direct glutamatergic input from the 
lateral hypothalamic area (LHA) (36-38), ven- 
tral pallidum (39), extended amygdala (40), and 
anterior hypothalamic regions such as the lat- 
eral preoptic area (41). 


Hypothalamic and extended amygdala 
circuits are positioned upstream of the 
VTA dopamine system 


The LHA and extended amygdala glutamater- 
gic and GABAergic cells also project directly to 
the VTA and predominantly synapse onto 
VTA GABAergic neurons (32, 42) to directly 
bidirectionally control their activity, indirectly 
regulate dopamine release (43), and bidirection- 
ally control motivated behavioral states (42). 
Additionally, optogenetic stimulation of LHA 
inhibitory inputs (44) or LHA GABAergic neu- 
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rons (45) produces robust self-stimulation be- 
havior but can also generate feeding-like motor 
patterns when noncontingent optogenetic 
stimulation is used (Fig. 3). These distinct 
motivation-associated phenotypes may be 
driven by specific cell ensembles or by molecu- 
larly defined LHA cell types (46-48). Consistent 
with this, largely nonoverlapping populations 
of LHA GABAergic neurons display increases 
in their activity time-locked to either reward ap- 
proach or reward consumption (45) as well as cue- 
induced food seeking. These and other findings 
(49) suggest an important role of these cells 
also in coding of learned associations. Bulk 
optogenetic stimulation of LHA projections to 
the VTA produces self-stimulation behavior, 
whereas stimulations of fibers that traverse 
more posterior to the peri-Locus Coeruleus and 
neighboring brain areas produce motor actions 
associated with feeding (50), further suggest- 
ing an important role of LHA-VTA circuits in 
controlling motivation. 

Glutamatergic neurons with the LHA seem- 
ingly produce opposing effects on reward- and 
feeding-related behaviors. Optogenetic stimulation 
of these cells immediately disrupts consumption 
of fluids and food in a frequency-dependent fash- 
ion (46). Ablation of these neurons also promotes 
excessive feeding and body weight gain, and 
optogenetic inhibition of LHA glutamatergic 
terminals within the LHb increases licking and 
drinking behavior (36). LHA glutamatergic neu- 
rons are molecularly heterogeneous and are also 
composed of distinct cell types. For example, LHA 
glutamatergic neurons that project to the VTA 
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VTA dopamine 
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ganglion 


Fig. 1. Transforming sensory input into motivated actions. Sensory input 
arrives through genetically hardwired circuits that convey distinct sensory 
qualities directly to the hypothalamus and hindbrain, as well as through indirect 
projections to sensory cortices. Within sensory cortices, important features are 
extracted and conveyed to neural networks in limbic and frontal cortices 
responsible for aggregating sensory modalities and learning associations 
between distinct sensory features such as the hippocampus and prefrontal 
cortex. Within these structures, causal associations between sensory features, 
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are enriched in expression of preprodynorphin, 
whereas those that project to the LHb express 
other distinct marker genes (38). Although LHA 
glutamatergic and GABAergic neurons produce 
opposing effects on feeding and reward seek- 
ing, the activity dynamics of LHA glutamatergic 
neurons is qualitatively like LHA GABAergic 
neuron in some conditions. For example, LHA 
glutamatergic neurons also respond by showing 
increases in their activity during reward con- 
sumption (38, 46), which is somewhat at odds 
with the effects of stimulating these neurons. 
Food restriction also increases whereas chronic 
access to highly palatable food reduces the activ- 
ity of LHA glutamatergic neurons (46). Further- 
more, circulating hormones associated with 
feeding and fasting such as leptin and ghrelin 
can also modulate the activity of LHA gluta- 
matergic neurons in a projection-specific fash- 
ion (38). Collectively, LHA cell types serve as 


critical input to canonical brain reward circuits ” 


while also projecting to brainstem locomotor 
regions to likely coincide dopamine release with 
brainstem motor patterns needed for feeding, 
such as mastication (Fig. 3). 


Homeostatic signaling and circuits to 
modulate motivation 


To transform physiological needs for food or 
water into motivation signals required to exe- 
cute feeding and drinking behavior, neurons 
that directly respond to hunger or thirst inter- 
face with canonical brain reward circuits such as 
the VTA, extended amygdala, and LHA. Agouti- 
related protein (AgRP)-expressing neurons in 
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location, and biological needs are established and conveyed back to subcortical 
systems critical for innate behaviors such as feeding and drinking. These innate 
behavioral circuits can tap into the VTA dopamine system to reinforce ongoing 
actions and associations in which reward-prediction signals are established by 
the aggregate VTA inputs. Dopamine release in the ventral striatum can then 
coincide with ongoing activity in the ventral striatum and eventually throughout 
the basal ganglia regions and motor cortex, which are critical for the execution 
of goal-directed actions and movements. 
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Fig. 2. Circuit connectivity linking circuits established for feeding, 
drinking, and touch to brain reward circuitry. Genetically defined neurons 

in areas such as the NTS, SFO, and arcuate hypothalamus (ARC) receive 
information related to ongoing sensory input from the skin and interoceptive 
systems that innervate organ systems. NTS, SFO, and ARC neurons indirectly 
project to the LHA’s and related regions’ excitatory and inhibitory neurons. Some 
LHA neurons project directly to brainstem motor circuits to drive reflexive 
behaviors, whereas some neurons project directly to the VTA. Excitatory LHA 


the arcuate nucleus of the ventral hypotha- 
lamus serve as a critical rheostat for hunger 
states. AgRP neurons show increased activity 
under food deprivation, which decreases when 
mice encounter food (5/1, 52). Activation of 
AgRP neurons produces feeding (53, 54) and 
promotes conditioned place aversion (57), which 
is consistent with the role of AgRP neurons in 
transmitting hunger and potentially other aver- 
sive states. AgRP neuron activity also decreases 
in response to intragastric caloric delivery (55), 
suggesting that they are a critical node for trans- 
mitting interoceptive signals from the gut to 
the brain (56). The AgRP projections broadly 
target many subcortical systems; however, 
individual AgRP neurons tend to project to 
individual brain regions, such as the extended 
amygdala and LHA (57). Disrupting caloric sens- 
ing by AgRP neurons, and thus blunting their 
activation by food, results in reductions in 
feeding-associated dopamine release in the NAc 
(58). AgRP activation also potentiates VTA 
dopaminergic activity (59) and release in the 
NAc (60) but does not increase dopamine in 
the absence of food. Thus, AgRP neurons likely 
relay physiological homeostatic signals related 
to hunger indirectly to the dopamine system to 
enhance or reduce motivated feeding behavior. 
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Thirst signals to drive motivation for drink- 
ing are relayed to the VTA through fluid 
osmolarity-sensing neurons in subfornical organ 
(SFO)-expressing nitric oxide synthase 1 (Nos!) 
(61, 62). SFO’” neurons project throughout the 
lamina terminalis, including the median pre- 
optic nucleus (MnPO), which in turn sends 
inhibitory inputs to the LHA. LHA GABAergic 
neurons that project to VTA are activated by 
intragastric or oral infusions of water, as is the 
release of dopamine in downstream target re- 
gions, including the NAc (22). Stimulating SFO 
neurons chemogenetically boosts VTA dopa- 
minergic responses to water-related cues, 
whereas inhibiting SFO decreases VTA dopa- 
minergic activity (63). Collectively, VTA dopa- 
mine neurons are polysynaptically downstream 
from thirst- and hunger-sensing neurons to 
permit incoming interoceptive sensory to reg- 
ulate their activity needed for motivation 
through the hypothalamus. 


Circuits for touch and taste to 
modulate motivation 


In addition to motivated actions such as feed- 
ing and drinking that require approach and 
consumption to reduce homeostatic drives, 
neural systems that encode danger, pain, and 


Sensory feature extraction 


neurons project heavily to the LHb, which in turns negatively regulates the VTA 
dopamine system. LHA inhibitory neurons project directly to VTA, where they 
disinhibit the VTA dopamine system to enhance motivation for ongoing needs. 
DRG/SC, dorsal root ganglia/spinal cord; CeA, central amygdala; BNST, bed nucleus 
of the stria terminalis; VP/SI, ventral pallidum/substantia innominata; DLS, 
dorsolateral striatum; DMS, dorsomedial striatum; GLP-1R, glucagon-like peptide 1 
receptor; PVN, paraventricular nucleus of the thalamus; VHipp, ventral hippocampus; 
Som, somatosensory cortex; Aud, auditory; Vis, visual; Ins, insular; Olf, olfactory. 


taste aversion also regulate canonical brain 
reward systems to promote behavioral avoid- 
ance. Genetically identified parabrachial nu- 
cleus (PBN) (64) neurons in the brain stem 
receive direct input from the nucleus tractus 
solitarius (NTS), dorsal laminae of the spinal 
cord, and forebrain regions. The NTS and PBN 
receive input from vagal, geniculate ganglion, 
and trigeminal sensory ganglion neurons that 
innervate peripheral organs (vagus) or mouth 
and tongue (trigeminal and geniculate ganglia). 
The NTS and PBN also indirectly receive input 
from nociceptors (TrpV1-lineage neurons) in 
dorsal root ganglia through the spinal cord. A 
genetically defined population of PBN neurons 
that express the gene for calcitonin gene-related 
peptide (Calca) show robust increases in their 
activity in response to cutaneous and visceral 
stimuli associated with pain and illness (65). 
Excitatory PBN neurons project broadly to the 
midbrain and forebrain, including the extended 
amygdala and LHA. PBN neurons form mono- 
synaptic inputs on LHA glutamatergic neurons 
to reduce feeding and promote behavioral 
avoidance of nociceptive stimuli (66) to pre- 
sumably regulate the midbrain dopamine sys- 


tem through the PBN@™#™""° —, LHASMmte _, 
LHbCuamate aan *AGABA —>VI. "4 Dopamine circuit. 
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Additionally, PBN signals that encode nocicep- 
tive stimuli can also reach the VTA through 
feedforward inhibition from the substantia 
nigra pars reticulata (Snpr) (PBNGM@™e _, 
SnRCABA _, VTAPoPaminey (67) Whereas aver- 
sive sensory stimuli can indirectly suppress 
VTA dopamine and promote avoidance, pleasant 
sensory stimuli, such as light touch (68), in- 
crease NAc dopamine release, suggesting that 
further delineation of cutaneous sensory-reward 
systems is needed. 


Learned associations to drive motivation 


Genetically specified cells and circuits within 
structures such as the hypothalamus and PBN 
receive sensory input and regulate the activity 
of VTA dopamine neurons to promote moti- 
vated behaviors. Although these systems are 
critical for producing stereotypical behavioral 
responses, their sheer simplicity cannot alone 
account for how learning and other cognitive 
processes such as decision-making influence 
brain reward circuitry. Cortical structures in- 
cluding the hippocampus, prefrontal cortices, 
and basolateral amygdala (BLA) play crucial 
roles in learning associations between environ- 
mental stimuli and desirable motivated out- 
comes (69-72). Cortical neuronal networks 
within these regions facilitate the writing, 
storage, and recall of learned information (73). 
They also execute specific instinctual programs 
through their excitatory projections to the stria- 
tum (74, 75), extended amygdala (76), hypo- 
thalamus (77), and midbrain (72). Neural coding 
of environmental stimuli, repeatedly paired 
with valued motivational outcomes such as 
licking to receive a food or water reward, are 
broadly coded throughout the brain (78) but 
are enriched in regions such as the orbito- 
frontal and prelimbic cortex (72, 79). These 
learning- and prediction-layer cortical areas 
receive direct information from sensory corti- 
cal areas, including the insular cortex (80-83). 
Insula neurons can individually code for dis- 
tinct salient sensory features such as sweet 
or bitter tastes. These are conveyed in a topo- 
graphical fashion to learning and prediction 
regions such as the amygdala (87). Insula 
neurons also provide direct input to the NTS 
to control motivational vigor (84) and provide 
feedback to NTS sensory neurons (835). Collec- 
tively, insula and likely other sensory cortices 
direct motivated behaviors by routing various 
sensory features to learning and prediction re- 
gions, such as prefrontal cortex and amyg- 
dala, to learn higher-order and multisensory 
representations related to specific drives, which 
in turn project to subcortical systems to ex- 
ecute motivation-specific behavioral patterns 
related to approach and avoidance. 


Outlook 


This neurocircuit framework that links envi- 
ronmental and interoceptive stimuli to geneti- 
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cally defined cell types to produce motivated 
behaviors puts forward new testable hypothe- 
ses and unresolved questions. First, this model 
suggests that highly specific sensory features 
with no associated valence should not be rep- 
resented by VIA dopamine neurons or other 
areas immediately upstream. Highly specific 
sensory information (for example, an individual 
odor or taste) may promote activity in the 
dopamine system only if that quality of the 
sensory stimulus is associated over time with 
rewarding or aversive outcomes such as caloric 
satiation. Tastes with associated motivational 
value may be represented in areas such as the 
insula cortex, which then indirectly reaches 
the VTA in a highly distilled form; however, 
taste reactivity (innate orofacial movements 
associated with sweet or bitter tastes) does not 
necessarily require cortical circuitry (86). Second, 
neurocircuits for motivated behaviors such as 
feeding or drinking should dynamically regu- 


late the VTA dopamine system when a partic- 
ular biological need is high. This process likely 
requires ongoing circuit adaptation and plas- 
ticity to allow for activity in some systems to be 
prioritized when needs are high and depriori- 
tized when they are low. Signaling systems such 
as circulating hormones, cytokines, and other 
neuromodulators also likely play an important 
role in regulating circuit-specific activity to meet 
ongoing physiological demands (87-89). Last, 
interoceptive signals, such as the activity of ge- 
netically defined vagal sensory neurons in the 
nodose ganglia, can drive learning and specific 
motivated behaviors, but how and where in 
the brain learned associations between inter- 
oceptive and external cues are integrated is 
likely specific for distinct types of motivated 
actions and requires more in-depth study. 
Although some genetically defined cell types, 
especially within the hypothalamic regions, are 
well described, much work is still needed to 


Motivation/reinforcement 


Fig. 3. Optogenetic stimulation of LHA GABAergic neurons is reinforcing but also produces complex 
motor patterns associated with feeding. Mice will readily perform an arbitrary movement, such as a nose poke 
or lever press, to receive optical stimulation of LHA GABAergic neurons. The reinforcing effects of LHA GABAergic 
neuron activity is largely through these cells’ inhibitory drive onto VTA GABAergic neurons. Inhibiting VTA GABA 
neurons increases the activity of neighboring dopamine neurons to reinforce ongoing action. Meanwhile, LHA 
GABAergic projections also directly innervate the brainstem motor regions to activate innate feeding motor 
programs. The video still images show a head-fixed mouse starting to receive optogenetic stimulation of LHA 
GABAergic neurons at 2 s. Upon the start of stimulation, mice first start showing oral facial movements, followed 
by complex motor behaviors, including bringing paws to mouth, mastication, and licking. When the stimulation is 
turned off, these motor behaviors immediately cease. DA, dopamine. 
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reconcile how genetically defined cell types 
form specified circuits to modulate motiva- 
tion. This has been a slow process because 
typically, cell types have been defined by using 
only one to a few highly expressed genes coupled 
with their anatomical connectivity. More com- 
prehensive approaches, such as single-cell RNA- 
sequencing or spatial transcriptomics used in 
conjunction with monitoring cell-specific neu- 
ral dynamics during motivated behavior, will 
lead to a comprehensive understanding of mo- 
lecular features of cell type coupled with their 
intrinsic function (90). In addition, although 
optogenetic and chemogenetic studies have 
been instrumental in determining how ge- 
netically defined cell types can initiate or re- 
duce ongoing motivated behaviors such as 
feeding, these techniques are not yet capable 
of recapitulating complex activity dynamic pat- 
terns of large-scale cell ensembles. Temporally 
patterned optogenetic stimulation of individ- 
ual neurons to reproduce naturally occurring 
ensemble dynamics promises to provide de- 
tailed mechanistic information by which select 
subsets of motivationally relevant neurons and 
their patterned activity translate into motiva- 
tional action. Collectively, the understanding 
of brain circuit mechanisms for motivation 
marches forward. Continued study and syn- 
thesis of information relating cell types and 
circuits to precise aspects of motivated behav- 
ior will not only deepen our understanding of 
the neurobiology of behavior but also pave 
the way for new interventions for a wide range 
of motivation-related disorders. 


REFERENCES AND NOTES 


1. J. R. Stellar, E. Stellar, The Neurobiology of Motivation and 
Reward (Island Press, 1985). 

2. |. P. Pavlov, Conditioned Reflexes: An Investigation of the Physiological 
Activity of the Cerebral Cortex (Oxford Univ. Press, 1927). 

3. C. B. Ferster, B. F. Skinner, Schedules of Reinforcement 
(Appleton-Century-Crofts, 1957). 

4. J. Olds, Science 127, 315-324 (1958). 


Stuber, Science 382, 394-398 (2023) 27 October 2023 


OCHNAMMH 


WNrO 


Ss. 
J 

. J. W. de Jong et al., Neuron 101, 133-15 
C. 


E. Stellar, Psychol. Rev. 61, 5-22 (1954). 

C. Ltischer, P. H. Janak, Annu. Rev. Neurosci. 44, 173-195 (2021). 
J. A. McHenry et al., Nat. Neurosci. 20, 449-458 (2017). 

L. Yin et al., Neuron 110, 3000-3017.e8 (2022). 

S. Inoue et al., Cell 179, 1393-1408.e16 (2019). 


. H. Lee et al., Nature 509, 627-632 (2014). 


D. Lin et al., Nature 470, 221-226 (2011). 


. S. Stagkourakis et al., Cell 182, 960-975.e15 (2020). 
. Y.-Y. Fang, T. Yamaguchi, S. C. Song, N. X. Tritsch, D. Lin, 


Neuron 98, 192-207.e10 (2018). 


. D. C. Castro et al., Nature 598, 646-651 (2021). 
. R. A. Wise, Nat. Rev. Neurosci. 5, 483-494 (2004). 


. B. Witten et al., Neuron 72, 721-733 (2011). 
K. C. Berridge, Psychopharmacology 191, 391-431 (2007). 


. W. Schultz, J. Neurophysiol. 80, 1-27 (1998). 
. J. Y. Cohen, S. Haesler, L. Vong, B. B. Lowell, N. Uchida, Nature 


482, 85-88 (2012). 
H. Jeong et al., Science 378, eabq6740 (2022). 


. B. Engelhard et al., Nature 570, 509-513 (2019). 
. J.C. R. Grove et al., Nature 608, 374-380 (2022). 
. H.-C. Tsai et al., Science 324, 1080-1084 (2009). 


. Lammel et al., Nature 491, 212-217 (2012). 

. E. Markowitz et al., Nature 614, 108-117 (2023). 

.e7 (2019). 

. M. Vander Weele et al., Nature 563, 397-401 (2018). 


. R. A. Phillips Ill et al., Cell Rep. 39, 110616 (2022). 
. R. van Zessen, J. L. Phillips, E. A. Budygin, G. D. Stuber, Neuron 


73, 1184-1194 (2012). 
K. R. Tan et al., Neuron 73, 1173-1183 (2012). 
. Eshel et al., Nature 525, 243-246 (2015). 
. Beier et al., Cell 162, 622-634 (2015). 


N 
K. 

. M. Watabe-Uchida, L. Zhu, S. K. Ogawa, A. Vamanrao, 
N 


. Uchida, Neuron 74, 858-873 (2012). 
. Tian et al., Neuron 91, 1374-1389 (2016). 
. M. Stamatakis, G. D. Stuber, Nat. Neurosci. 15, 1105-1107 (2012). 


A 
. A. M. Stamatakis et al., J. Neurosci. 36, 302-311 (2016). 
| 


. Lazaridis et al., Mol. Psychiatry 24, 1351-1368 (2019). 
. Rossi et al., Neuron 109, 3823-3837.e6 (2021). 

J. Tooley et al., Biol. Psychiatry 83, 1012-1023 (2018). 
S. Lecca et al., eLife 6, e30697 (2017). 

D. J. Barker et al., Cell Rep. 21, 1757-1769 (2017). 


. J. H. Jennings et al., Nature 496, 224-228 (2013). 


ieh et al., Neuron 90, 1286-1298 (2016). 

J. H. Jennings, G. Rizzi, A. M. Stamatakis, R. L. Ung, 

G. D. Stuber, Science 341, 1517-1521 (2013). 

J. H. Jennings et al., Cell 160, 516-527 (2015). 

M. A. Rossi et al., Science 364, 1271-1274 (2019). 

L. E. Mickelsen et al., Nat. Neurosci. 22, 642-656 (2019). 
Y. Wang et al., Cell 184, 6361-6377.e24 (2021). 

M. J. Sharpe et al., Curr. Biol. 27, 2089-2100.e5 (2017). 
R. A. M. Marino et al., Proc. Natl. Acad. Sci. U.S.A. 117, 
8611-8615 (2020). 

J. N. Betley et a/., Nature 521, 180-185 (2015). 


. Y. Chen, Y.-C. Lin, T.-W. Kuo, Z. A. Knight, Cel! 160, 829-841 (2015). 
. Y. Aponte, D. Atasoy, S. M. Sternson, Nat. Neurosci. 14, 


351-355 (2011). 


M. J. Krashes et al., J. Clin. Invest. 121, 1424-1428 (2011). 
L. R. Beutler et al., Neuron 96, 461-475.e5 (2017). 

56. L. Bai et al., Cell 179, 1129-1143.e23 (2019). 
JN 
1 


Reichenbach et al., eLife 11, e72668 (2022). 

. M. Mazzone et al., Nat. Neurosci. 23, 1253-1266 (2020). 

60. A. L. Alhadeff et al., Neuron 103, 891-908.e6 (2019). 

61. C. A. Zimmerman et al., Nature 568, 98-102 (2019). 

62. V. Augustine et al., Nature 555, 204-209 (2018). 

63. T. M. Hsu et al., Proc. Natl. Acad. Sci. U.S.A. 117, 30744-30754 
(2020). 

64. J. L. Pauli et al., eLife 11, e81868 (2022). 

65. C. A. Campos, A. J. Bowen, C. W. Roman, R. D. Palmiter, Nature 
555, 617-622 (2018). 

66. S. C. Phua et al., Sci. Adv. 7, eabe4323 (2021). 

67. H. Yang et al., Nat. Neurosci. 24, 1402-1413 (2021). 

68. L. J. Elias et al., Cell 186, 577-590.e16 (2023). 

69. A. Beyeler et al., Neuron 90, 348-361 (2016). 

70. J. S. Biane et al., Nat. Neurosci. 26, 798-809 (2023). 


71. J. M. Otis et al., Nature 543, 103-107 (2017). 

72. V. M. K. Namboodiri et al., Nat. Neurosci. 22, 1110-1121 (2019). 
73. V.M. K. Namboodiri, G. D. Stuber, Neuron 109, 3552-3575 (2021). 
74. J. Cox, |. B. Witten, Nat. Rev. Neurosci. 20, 482-494 (2019). 

75. Zhang et al., Nat. Neurosci. 24, 1586-1600 (2021). 


. Padilla-Coreano et al., Nature 603, 667-671 (2022). 


J 
Vv 
Vv 
J. 
X. 
76. T. Yang et al., Nature 616, 510-519 (2023). 
N 
J 
D 
G. 
V. 


E. Allen, T. E. Sutherland, Science 364, 738-739 (2019). 
79. D. J. Ottenheimer, M. M. Hjort, A. J. Bowen, N. A. Steinmetz, 
D. Stuber, eLife 12, RP84604 (2023). 
80. V. M. K Namboodiri et al., Curr. Biol. 31, 5176-5191.e5 (2021). 
81. L. Wang et al., Nature 558, 127-131 (2018). 
82. Y. Livneh et al., Nature 546, 611-616 (2017). 
83. Y. Livneh, M. L. Andermann, Neuron 109, 3576-3593 (2021). 
84. H. Deng et al., Cell 184, 6344-6360.e18 (2021). 
85. H. Jin, Z. H. Fishman, M. Ye, L. Wang, C. S. Zuker, Cell 184, 
257-271.e16 (2021). 
86. H. J. Grill, R. Norgren, Brain Res. 143, 281-297 (1978). 
87. M. E. Soden, J. X. Yee, L. S. Zweifel, Nature 619, 332-337 (2023). 
88. S. X. Zhang et al., Nature 597, 245-249 (2021). 
89. D. C. Castro et al., Nature 598, 646-651 (2021). 


90. S. Xu et al., Science 370, eabb2494 (2020). 


ACKNOWLEDGMENTS 


| acknowledge Stuber Lab members for helpful discussion and 
feedback on the manuscript, M. Trzeciak and A. Gordon-Fennell for 
assistance with figure preparation, and the National Institute on 
Drug Abuse for support (DA032750, DAO38168, and DA054317). 
Competing interests: None declared. License information: 
Copyright © 2023 the authors, some rights reserved; exclusive 
licensee American Association for the Advancement of Science. No 
claim to original US government works. https://www.science.org/ 
about/science-licenses-journal-article-reuse 


Submitted 17 July 2023; accepted 22 September 2023 
10.1126/science.adh8287 


5 of 5 


SPECIAL SECTION 


THE HYPOTHALAMUS 


( 


suppressed male mounting (Z2, 15), optoger Chec 


upde 


REVIEW 


Hypothalamic control of innate social behaviors 


Long Mei?, Takuya Osakada’, Dayu Lin??*:4* 


Sexual, parental, and aggressive behaviors are central to the reproductive success of individuals and species 
survival and thus are supported by hardwired neural circuits. The reproductive behavior control column (RBCC), 
which comprises the medial preoptic nucleus (MPN), the ventrolateral part of the ventromedial hypothalamus 
(VMHvI), and the ventral premammillary nucleus (PMv), is essential for all social behaviors. The RBCC integrates 
diverse hormonal and metabolic cues and adjusts an animal's physical activity, hence the chance of social 
encounters. The RBCC further engages the mesolimbic dopamine system to maintain social interest and 
reinforces cues and actions that are time-locked with social behaviors. We propose that the RBCC and brainstem 
form a dual-control system for generating moment-to-moment social actions. This Review summarizes recent 
progress regarding the identities of RBCC cells and their pathways that drive different aspects of social behaviors. 


he medial hypothalamus houses three 

heavily interconnected nuclei—the medial 

preoptic nucleus (MPN), the ventrolateral 

part of the ventromedial hypothalamus 

(VMHvl), and the ventral premammillary 
nucleus (PMv)—that constitute the reproduc- 
tive behavior control column (RBCC) (J). The 
RBCC is indispensable for all social behaviors 
that subserve reproduction, including mating, 
parenting, and fighting. It is part of the larger 
social behavior network (SBN) that was initially 
proposed by S. Newman in 1999 on the basis 
of rodent studies (2) and was later extended by 
J. L. Goodson to other vertebrate species (3). 
Anatomically, the RBCC is highly evolutionarily 
conserved and recognizable in mammals, birds, 
reptiles, amphibians, and fish (3, 4). Immediate 
early gene mapping suggests similar response 
patterns during social behaviors across species 
(3,5). In this Review, we summarize recent studies, 
mainly in rodents, regarding the molecular iden- 
tity, functions, and responses of RBCC cells. 
RBCC function in nonrodent species has been 
reviewed in other work (4, 6). 

This Review will be separated into two parts. 
The first part summarizes recent studies regard- 
ing the functions and responses of molecularly 
defined RBCC cells during each social behavior. 
We will also offer our views about the general 
principles of RBCC organization and the rela- 
tionship among different social circuits. The 
second part of the Review discusses how the 
RBCC controls each stage of social behaviors, 
from increasing social exploration and maintain- 
ing social interest to promoting consummatory 
social actions. In particular, we propose that 
the RBCC acts as a “permissive gate” to allow 
specific brainstem and/or spinal cord motor 
circuits to respond to immediate and simple 
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sensory inputs to drive moment-to-moment 
social actions. 


The role of the RBCC in sexual, parental, 
and aggressive behaviors 
Male sexual behaviors 


Sexual behaviors differ qualitatively between the 
sexes. Thus, the male and female sexual behavior 
circuits have little in common. For males, the 
medial preoptic area (MPOA), which includes 
the MPN and its surrounding region, has been 
recognized as a site of paramount importance 
since the early 1960s (7, 8). Recently, single-cell 
and nucleus RNA sequencing have revealed a 
high molecular heterogeneity of MPOA cells, lead- 
ing to a series of studies to refine the molecular 
identities of mating-related MPOA subpopula- 
tions (9, 10). In 2018, Wei et al. showed that op- 
togenetic activation of MPOA estrogen receptor 
alpha (EsrI)-expressing cells (MPOA“”) can eli- 
cit male mounting, albeit with relatively low effi- 
ciency (50% of animals) (17). In 2021, Karigo et al. 
reported that activating y-aminobutyric acid- 
expressing (GABAergic) MPOA™” (MPOA27"47) 
cells can induce male mounting with 100% effi- 
ciency (72). Most recently, Bayless et al. pinpointed 
tachykinin receptor 1 (Tacr1)-expressing cells 
(MPOA"“”), likely a subset of MPOA"20VG4T 
cells (10), as the key population for male sex- 
ual behaviors (13). Optogenetic activation of 
MPOA““” cells was able to induce intromission- 
like behaviors toward a toy mouse (73). Impor- 
tantly, Tacr1 is itself functionally critical for 
the behavior because antagonizing MPOA Tacr1 
suppressed male mounting (13). 

The role of the VMHvl in male sexual behav- 
iors appears to be relatively minor. Optogenetic 
activation of VMHvi"™” cells at a low intensity 
induced mounting in male mice, but this behav- 
ior was not coupled with ultrasonic vocalization, 
which typically accompanies male-female inter- 
action, and hence was interpreted as a dom- 
inance behavior instead of a sexual behavior 
(72, 14). Although ablating VMHvl progesterone 
receptor (PR)-expressing cells (VMHvi”’) or 
chemogenetically inhibiting VMHvi“*” cells 
(Esr1 and PR overlap nearly 100% at the VMHvl) 
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inhibition of VMHv1"*” cells did not dis! 
ongoing copulation, suggesting that the role of 
the VMHvl in male sexual behavior is likely 
limited to the initiation phase (14). This func- 
tional result is supported by the response pat- 
tern of VMHvIl cells: Whereas the cells increase 
activity during mounting, they decrease activi- 
ty during intromission (16, 17). 

The PMv receives dense inputs from the me- 
dial amygdala, a social odor and pheromone pro- 
cessing region, and thus has been considered the 
sensory relay of the RBCC (78). Indeed, the PMv 
expresses abundant c-Fos after conspecific odor 
presentation and shows a moderate activity in- 
crease during the male-female investigation 
(7, 19). However, PMv cells do not respond dur- 
ing any phases of male copulation, and PMv de- 
ficits fail to impair male reproduction (J7, 20, 21). 

Thus, the MPOA is likely the primary site that 
mediates male mating, whereas the VMHvl and ” 
PMv seem to play minor roles in the early phase 
of male-female interaction (Fig. 1). MPOA7™” 
cells represent the most refined population for 
male sexual behaviors (Fig. 2). 


Female sexual behaviors 


Female sexual behavior, in comparison, is notably 
simple in its motor output. As males mount, fe- 
males stay stationary with their back arching 
downward to facilitate penile insertion,aposture . 
known as lordosis (22). Since the 1970s, many 
lesion and stimulation experiments have demon- 
strated a critical role of the VMHvl in female 
sexual behaviors (22). Similar to studies in males, 
recent efforts focused on refining the molecular 
identity of VMHvI cells relevant to female sexual 
behaviors. Toward this goal, VMHv1"" cells were 
identified as necessary for female sexual recep- 
tivity in mice (15, 23). However, activating VMHvl™ 
cells failed to facilitate lordosis (23). This neg- 
ative result is likely due to the fact that the fe- , 
male VMHvI contains two subdivisions, which 
both express abundant PR and Esr/, but only 
the lateral subdivision (VMHvIl) is strongly acti- 
vated during female sexual behaviors (24). When 
the VMHvi cells that express Cholecystokinin A 
receptor (Cckar), a lateral subdivision-specific 
gene, are chemogenetically or optogenetically 
activated, female sexual receptivity rapidly in- 
creases (10, 25). In mice, female sexual recep- 
tivity is tightly coupled with ovulation, that is, 
the estrus cycle. The in vivo responses and phys- 
iological properties of VMHwIe"” cells, includ- 
ing intrinsic excitability and synaptic inputs, 
vary over the estrus cycle, suggesting that these 
cells probably support the cyclic changes in 
female sexual behaviors (25). 

The PMvis also critical for female reproduc- 
tion, but its role differs from that of the VMHvl. 
Specifically, the PMv enables metabolic signals 
to modulate the reproductive neuroendocrine 
axis. Leptin, an adipocyte-derived hormone, 
signals energy reserve levels and triggers sexual 
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maturation by acting on PMv leptin receptors 
(Lepr) (26). Upon sensing leptin, PMv'” cells 
activate kisspeptin-expressing cells to release 
gonadotropin-releasing hormone and trigger 
the onset of puberty (20, 26). In adults, PMv im- 
pairment decreases ovulation frequency, an ab- 
normality that could occur naturally during leptin 
deficiency caused by food deprivation (20, 27). 
Thus, PMv modulates sexual readiness based on 
the energy reserve level. During food shortages, 
the PMv signals the hypothalamic-pituitary- 
ovarian axis to slow down female reproduction. 
The MPOA has been consistently found to 
suppress female receptivity, possibly through its 
strong inhibitory inputs to the VMHvl (22, 28). 
MPOA lesion or site-specific Esr7 knockdown 
increases lordosis, whereas electric stimulation 
of the MPOA has the opposite effect (29-33). 
Thus, contrary to the male mating circuit, fe- 
male sexual behaviors are mainly mediated by 
the VMHvl and PMv, whereas the MPOA likely 
plays a negative role (Fig. 1). VMHvl"" and 
PMv'" cells represent the most refined popula- 
tions for female sexual behavior thus far (Fig. 2). 


Parental behaviors 


In rodents, all parental behaviors, except nurs- 
ing, can be exhibited by both males and females 
with some quantitative differences (34). Thus, 
perhaps unsurprisingly, the hypothalamic re- 
gions that control parental behaviors are largely 
similar between the sexes. Since 1974, the MPOA 
has been recognized as a crucial region for con- 
trolling maternal behaviors (35, 36). More re- 
cently, Wu et al. identified MPOA cells that 
express galanin (MPOAS“) as a critical popu- 
lation for regulating parental behaviors, espe- 
cially grooming, in male and female mice (37). 
Subsequently, Wei et al. and our study collec- 
tively found that both male and female MPOA™” 
cells in mice are necessary, sufficient, and natu- 
rally active during pup approach and retrieval 
(11, 38). Later, multiplexed error robust fluores- 
cence in situ hybridization (MERFISH) revealed 
that calcitonin receptor (Calcr), which is ex- 
pressed in a subset of Esri-positive cells, pref- 
erentially marks MPOA cells that are activated 
by parental behaviors (9). Following this find- 
ing, Yoshihara et al. reported that silencing 
MPOA™<" neurons or knocking down Calcr 
in the MPOA suppresses maternal behaviors (39). 
Gal, Esr1, and Calcr are expressed in both 
GABAergic and glutamatergic MPOA cells. 
However, the glutamatergic MPOA cells likely 
do not promote parental behaviors because 
optogenetic silencing of MPOA glutamatergic 
cells increases, not decreases, pup retrieval in 
female mice (40). Lastly, MPOA cells not only 
drive parental behaviors but also suppress 
hostile behaviors toward the pups. During lac- 
tation, MPOA”*” cell excitability increases, 
causing stronger inhibition of infanticide-driving 
cells in the principal nucleus of the bed nucleus 
of stria terminalis (BNSTpr) and enabling the 
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Fig. 1. The role of RBCC regions in various social 
behaviors. White indicates that the function of the region 
is to be determined. Gray indicates the region has no 
function. Purple indicates that the region suppresses 
the behavior. Yellow indicates that the region promotes 
the behavior. Note that the MPOA and the VMHvl and 
PMv generally play opposite roles in each social behavior. 


drastic switch from hostile to caring behaviors 
toward the young (41). 

In contrast to the pivotal role of the MPOA in 
parental care, the VMHvl and PMv appear to be 
dispensable. VMHvI inactivation or PMv lesion 
did not cause any deficit in maternal care (24, 42). 
In vivo recordings found no activity changes of 
VMHv1"*” cells during maternal behaviors 
(24). Recent studies further suggest a negative 
role of the VMHvI in parental behaviors. Ac- 
tivating VMHviI cells that are connected with the 
MPOA suppressed pup investigation in virgin 
female mice (47). Similarly, when the projec- 
tion from wrocortin-3 (Ucn3)-expressing cells in 
the perifornical region (PeFA”™”) to the VMH 
was activated, the female mice spent less time 
investigating pups (43). 

Altogether, present data support the idea that 
the MPOA, but not the VMHvl and PM, is the 
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key RBCC region that drives parental behaviors 
in both sexes (Fig. 1). MPOA™” cells represent 
the most refined population for parental behav- 
iors (Fig. 2). 


Aggressive behaviors 


Although the tendency to attack differs be- 
tween the sexes, its motor pattern, at least in 
rodents, seems to be similar (44). Thus, the 
neural substrates of aggression are qualitatively 
similar in males and females. Studies from the 
past decade firmly established the central role 
of the VMHv1l in male and female aggression 
(45). Inactivating or ablating VMHvI cells abol- 
ishes natural intermale aggression and mater- 
nal aggression in mice (14-16, 24). Conversely, 
activating VMHviI cells, especially those express- 
ing Esr1 or PR, promotes attack toward both 
natural and suboptimal targets (14, 16, 24), 
regardless of the subject’s social status, housing 
condition, or testing context (46). Simultaneous 
recording of 13 limbic regions, including five 
in the hypothalamus, revealed the VMHvIl as 
the region with the largest and fastest activity 
increase during attack onset, highlighting its 
crucial role in the behavior (17). Furthermore, 
recent works revealed the flexibility of VMHvl 
cell responses. For example, with sexual expe- 
rience, the male- and female-induced activation 
patterns in the VMHvl become more distinct 
(47). With winning experience, the VMHvI cells 
show long-term potentiation of excitatory synap- 
tic inputs (48). When an arbitrary motor action, 
for example, a nose poke, is associated with fu- 
ture opportunities to attack, VMHvI cells increase 
activity before poking (49). Lastly, Yang e¢ al. 
recently reported increased VMHvI cell ac- 
tivity when animals witness fights between 
others (50). Thus, the VMHvI cells carry diverse 
aggression-related information, including ag- 
gressive motivation, aggression-provoking sen- 
sory cues, the motor execution of attacks, and one’s 
own fighting experiences and those of others. 
Notably, only the posterior VMHv1 is related to 
aggression; the anterior VMHvl mediates con- 
specific self-defense and social fear (57, 52). 

In female mice, only the medial VMHvl 
(VMHvim) is relevant for aggression (24). Using 
activity-dependent single-cell RNA sequencing 
(Act-seq), Liu et al. identified neuropeptide 
Y receptor Y2 (Npy2r), a VMHvIm-biased gene, 
as a genetic marker for the female aggression 
population (53). When Npy2r*, but not Npy2r- 
EsrI°, VMHvI cells were optogenetically acti- 
vated, virgin female mice attacked various 
social targets, including adult males (53). 
VMHvl*?”" cells show reproductive state- 
dependent activity changes, with the highest 
response occurring during lactation, when the 
level of female aggression peaks (53). 

The PMv is also a critical site for both male 
and female aggression. Several recent studies 
targeted dopamine transporter (DAT)-expressing 
cells in the PMv (PMv”") and showed that 
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aggression can be bidirectionally modulated 
in male and female mice (2/, 54, 55). In vivo 
recordings show that PMv cells, like VMHvl 
cells, respond preferentially to aggression- 
provoking social cues (17, 21, 56). However, the 
PMv differs from the VMHvl in that it re- 
sponds more during social investigation than 
attack (17, 21). Lesioning the PMv reduces 
aggression-induced c-Fos in the VMHv1 sub- 
stantially, suggesting that the PMv is likely to 
be upstream of the VMHvI, relaying conspecific 
cues (42). Of note, regardless of sex, PMv?47 
cells are quiescent and hyperpolarized in non- 
aggressive mice and become spontaneously ac- 
tive and depolarized in aggressive mice (54, 55), 
suggesting that the aggressiveness of an animal 
could be encoded by the biophysical properties 
of PMv cells. It is worth mentioning that al- 
though DAT is a good marker for PMv because 
it is distinctively expressed in the PMv among 
neighboring regions, PMv”“” cells do not appear 
to synthesize dopamine, and it remains unclear 
whether DAT" cells are more involved in aggres- 
sion than DAT’ cells in the PMv (56). 

Recent studies support an aggression- 
suppressing role of MPOA"” cells through their 
inhibition of VMHv1 glutamatergic cells (12, 28). 
Rostral MPOA”*” cells in males are activated by 
females, whereas caudal MPOA”“” cells preferen- 
tially respond to superior male opponents (28). 
Thus, the MPOA could suppress aggression 
toward inappropriate targets in various contexts. 
Indeed, when MPOA”*”"-to-VMHWvi terminals are 
optogenetically inactivated, male mice attack so- 
cial targets indiscriminately, including superior 
males, and end up inflicting more defeat (28). 

Present data suggest that the VMHvl and PMv 
are central for male and female aggression, where- 
as the MPOA suppresses this behavior (Fig. 1). In 
terms of cell populations, VMHvt” cells in males, 
which are equivalent to VMHvl”" cells, and 
VMHvi" cells in females are, at present, the 
best-defined populations for aggression (Fig. 2). 


General organization of RBCC cells 


Several general conclusions emerge when con- 
sidering the circuits for all social behaviors 
together. First, the VMHvl and PMv have sim- 
ilar social functions that are opposite to those 
of the MPOA (Fig. 1). For example, the VMHv1 
and PMv promote aggression in both sexes 
and sexual behaviors in females, whereas 
MPOA activation suppresses these behaviors 
(12, 14-16, 24, 25, 28, 53). The MPOA promotes 
parental behaviors, whereas the VMHvI reduces 
them (J/, 37-39, 41, 57). The only exception is 
male sexual behavior, the initiation of which 
is promoted by both the MPOA and VMHvl, 
although the MPOA increases, whereas the 
VMHvI decreases, activity during intromission 
(12, 14, 17). The functional relationship be- 
tween the MPOA, PMv, and VMHvl is probably 
rooted in the neurotransmitter expressed by 
the cells. Cells in the PMv and VMHvIl are over- 
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whelmingly glutamatergic, whereas socially rel- 
evant cells in the MPOA are likely GABAergic 
(12, 40). Because these three regions are heavily 
reciprocally connected, activating MPOA social 
cells should suppress PMv and VMHv/I cells, 
whereas PMv and VMHv/I cells should facilitate 
activation of each other (28, 56). 

Second, cells supporting distinct social behav- 
iors often occupy different subregions within 
the VMHvl or MPOA (Fig. 2). For example, the 
lateral and medial VMHvl mediate female 
sexual and aggressive behaviors, respectively 
(24, 25, 53). Rostral and caudal MPOA cells 
in males are activated during female and dom- 
inant male interactions, respectively (28). 
Fos catFISH (compartment analysis of tempo- 
ral activity by fluorescence in situ hybridization) 
suggests that mating- and parental care-induced 
c-Fos expression is largely distinct in the MPOA, 
and the former could be more medially located 
[see figure 2 in (37)]. At the single-cell level, 
most cells show biased, though not necessarily 
exclusive, responses during one social behav- 
ior (16, 38, 47, 58). Thus, individual MPOA and 
VMHvI cells are likely preferentially involved 
in one social behavior, and cells with similar re- 
sponse patterns tend to cluster. Whether such 
topographic organization of social behaviors also 
exists in the PMv remains to be elucidated. 
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Fig. 2. The known molecular markers for social 
behavior-relevant cells in the RBCC. 


27 October 2023 


Third, fighting- and mating-related cells in 
the RBCC antagonize each other in both sexes. 
In males, activating mating-related MPOA”*” 
cells suppresses intermale aggression, whereas 
activating fighting-related VMHvI"*” cells sup- 
presses male-female mounting and female urine- 
elicited ultrasonic vocalization (72, 28). In females, 
activating fighting-related VMHv)”" cells sup- 
presses sexual receptivity (because the female 
attacks the male), whereas activating mating- 
related VMHvll“"” cells suppresses female ag- 
gression (25, 53). This relationship is not simply 
due to motor incompatibility. In lactating females, 
VMHvil*“" cell activation could not increase 
female sexual receptivity, possibly because of 
changes in the downstream circuit, but remained 
effective in suppressing maternal aggression (25). 

The relationship between parenting-related 
cells and mating- and fighting-related cells is 
less understood because these three behaviors 
are rarely examined together. Limited evidence 
suggests that these cells could operate indepen- 
dently. For example, after VMHvll°" cells are 
inactivated, there is no change in maternal be- 
haviors (25). Rather than counteracting with 
mating- and fighting-related cells, parenting- 
related cells form strong mutual inhibition with , 
infanticide-related cells: Activating infanticide- 
related cells suppresses parenting-related cells 
and vice versa (47). These circuit relationships 
make sense when considering the social target of . 
each behavior. Because mating and fighting are 
both directed to adult conspecifics with similar 
physical features, the mutual inhibition between 
these circuits ensures one behavior output domi- 
nates. By contrast, parenting behaviors and mat- 
ing and fighting behaviors are activated by highly 
distinct social targets, making cross-activation un- 
likely and, hence, mutual inhibition unnecessary. 

Lastly, as the number of studies increases, 
the “molecularly defined populations” for each 
behavior will keep growing. Gal-, EsrI-, and . 
Calcr-expressing cells in the MPOA have all 
been found to be essential for driving parental 
behaviors on the basis of recording and func- 
tional studies (37-39) (Fig. 2). These cells are 
neither distinct nor identical. MPOA™ cells 
partially overlap with MPOA™*” cells but 
largely differ from MPOA™” cells, whereas 
Calcr is expressed in a subset of MPOA"*”7 
cells (9). How is it determined whether a gene 
truly marks the social behavior population 
or arandom population containing some social 
behavior-relevant cells just by chance? Indeed, 
if a behavior is the dominant output of a brain 
region, activating a random subset of cells in the 
region, marked by any of thousands of expressed 
genes, may drive the behavior. We think two 
criteria should be met for a gene to be consid- 
ered a relevant maker. First, the cells expressing 
the gene should show a higher activity change 
during the behavior than the gene-negative cells. 
Second, functional manipulation of the gene- 
positive cells should influence the behavior more 
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Fig. 3. Pathways extended from the RBCC that mediate various aspects of social behaviors. 


profoundly than the cells that lack the expres- 
sion. For example, Esr7-positive MPOA cells show 
higher responses than Es7/-negative cells during 
parental care (38). Activating EsrI-positive, but 
not Esr/-negative, cells in the VMHvI can drive 
male aggression (/4). Additionally, it is unlikely, 
although not impossible, that a gene is distinc- 
tively expressed in the social behavior popula- 
tion coincidently. More plausibly, it is expressed 
for a reason, for example, to modulate the behav- 
ior output. Thus, a good gene marker is probably 
also functionally important for the behavior. 
Indeed, Esr1 or Calcr knockout in the MPOA 
impairs parental behaviors, whereas antagoniz- 
ing MPOA Tacr1 impairs male mating (13, 39, 59). 
Based on these rationales, receptors of neuro- 
peptides or hormones that specifically modu- 
late a social behavior could be the top candidates 
for marking specific social behavior populations. 


The RBCC coordinates multiple aspects of 
social behaviors 


We propose that the RBCC achieves social 
behavior control by (i) promoting exploration 
to increase the probability of social encounters, 
Gi) maintaining social interest when a social 
target is encountered, and (iii) permitting con- 
summatory social actions at the appropriate 
times. In this section, we review the neural path- 
ways downstream of the RBCC that mediate 
each aspect of these behavioral controls. 


Social encounter probability 


Animals must physically encounter each other 
to engage in social behaviors. We consider the 
first role of the RBCC to be to modulate an 
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animal’s physical activity, hence the likelihood 
of social encounters, based on an animal’s in- 
ternal state. In support of this idea, previous 
work has shown that animals increase locomo- 
tion when GABAergic MPOA cells (MPOA"“47), 
VMHvI" cells, or NK2 homeobox 1 (Nkx2-1)- 
expressing VMHvI cells (VMHvt"”) are artifi- 
cially activated (60-63). Conversely, loss of Esr1 
or Nkx2-1 in the VMHvIl reduces physical activ- 
ity and causes obesity in female mice (61, 64). 
VMHvI"*” projection to the dorsal raphe and 
MPOA"7 projection to the periaqueductal 
gray (PAG) appear important for RBCC control 
of physical activity (62, 63) (Fig. 3). 

The RBCC expresses abundant neuromodu- 
lator, neuropeptide, and hormone receptors, 
which allows various small molecules that are 
indicative of an animal’s reproductive, meta- 
bolic, circadian, and other internal states to ad- 
just the ongoing cell activity and, consequently, 
an animal’s physical activity (Fig. 3). For the 
reproductive state, estrogen is a crucial hormone 
that signals ovarian activity. Estrogen supple- 
mentation substantially increases the excita- 
bility of MPOA and VMHvl cells (65, 66). This 
estrogenic modulation likely underlies the in- 
creased spontaneous activity of VMHvI cells 
during estrus (25, 67) and the increased activity 
of MPOA cells during motherhood (38, 47). In 
addition to sex hormones, metabolic cues also 
modulate VMHvi*” cell activity. For example, 
24-hour fasting decreases the excitability of 
VMHvi" cells, which can be reversed with re- 
feeding (63). Glucose may mediate these changes, 
because nearly all VMHvI cells are responsive 
to glucose in vitro (68). The circadian clock 
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could also modulate the ongoing VMHvI activ- 
ity. Melanocortin receptor 4 (MCR4), a female 
VMHvl enriched gene, increases expression 
when estrogen levels are high, enabling night- 
time melatonin to increase VMHvI cell activity 
and promote exploration during proestrus when 
the female is getting ready to mate (69, 70). 
Beyond the internal cues, the social environ- 
ment could also influence the ongoing activi- 
ty of RBCC cells. Recently, Fukumitsu e¢ al. 
found that prolonged social isolation decreases 
amylin and its receptor expression in the 
MPOA and reduces social-seeking behaviors 
(7D. Thus, the ongoing RBCC cell activity is 
dynamically modulated by the internal state 
and external environment, which in turn ad- 
justs an animal’s physical activity level and the 
probability of social encounters. 


Social interest level 


Once the animals encounter each other, the 
next step is to recognize the identity of the 
social target. Although VMHvl and MPOA lesion 
or inhibition consistently change social prefer- 
ence, this likely does not reflect a deficit in sex 
discrimination, given that the manipulated ani- 


mals often show reversed preference instead of , 


no preference, which suggests that they remain 
capable of discriminating between males and 
females (25, 72, 73). Indeed, sex identity infor- 
mation is widely distributed in the limbic sys- 
tem, including regions upstream of the medial 
hypothalamus (17, 58, 74, 75). Thus, the male- 
and female-induced neural activation patterns 
should remain different even without the RBCC. 
On the basis of these data, we reason that the 
RBCC deficit-caused changes in social prefer- 
ence likely reflect a decreased interest in cer- 
tain social targets instead of an inability to 
discriminate between the sexes. 

The RBCC likely promotes and maintains 
social interest by engaging the mesolimbic 
dopaminergic pathway (Fig. 3). Dopamine re- 
lease in the nucleus accumbens (NAc) during 
initial social encounters has been shown to 
positively correlate with the total interaction 
time (76). Inhibiting ventral tegmental area 
(VTA) dopamine neurons decreases social 
interaction with an unfamiliar social target 
and the number of nose pokes an animal is 
willing to emit in order to access a conspecific 
(77-79). Conversely, optogenetic activation of the 
VTA dopaminergic projection to the NAc no- 
tably increases social interaction time (76, 78). 

The RBCC, especially the MPOA, likely engages 
the mesolimbic dopaminergic pathway by direct 
projection to the VTA. Indeed, optogenetic ac- 
tivation of the MPOA-to-VTA terminals evokes 
dopamine release in the NAc and promotes inter- 
action with pups or potential mates (38, 65). Ad- 
ditionally, activating medial amygdala GABAergic 
projection to the MPOA increases NAc dopamine 
release and promotes nose poking to access 
social targets (80). Channelrhodopsin (ChR2)- 
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assisted circuit mapping revealed that MPOA”*”” 
cells preferentially target VTA GABAergic cells, 
suggesting that a disinhibition mechanism under- 
lies the increased dopamine release (38). Similar 
to the MPOA, the VMHvl also promotes social 
seeking and approach. In male mice, optogenetic 
activation of VMHvI cells shortens the latency to 
nose poke for a weaker male intruder, whereas 
inhibiting the cells has the opposite effect (49). 
Activating female VMHvI"™ cells promotes so- 
cial interest in males (25). VMHvl activation may 
evoke dopamine release directly through its 
glutamatergic projection to VTA dopaminergic 
cells (VTAP“) or indirectly through its projec- 
tion to the MPOA (87); additional studies are 
required to identify the exact circuit mechanism. 
It is worth noting that the RBCC-VTA™- 
NAc circuit is also essential for the reinforc- 
ing property of consummatory social actions 
(Fig. 3). During social behaviors, the level of 
dopamine increases in the NAc, and animals 
subsequently develop a preference for the con- 
texts, actions, or specific conspecific cues as- 
sociated with these experiences (76, 82-84). 
When VTA dopamine release or NAc dopamine 
receptors are blocked, the social experience- 
induced reinforcement diminishes (83-86). Con- 
versely, optogenetically activating the socially 
relevant cells in the MPOA and VMHvI rapidly 
enhances the preference of the stimulation- 
coupled contexts and reinforces the actions that 
precede the stimulation (25, 40, 65). Taken to- 
gether, these results suggest that the increased 
RBCC activity that is observed during consum- 
matory social actions leads to NAc dopamine 
increase and reinforces sensory cues and motor 
actions that are time-locked to the behavior. 


Consummatory social actions 


Sexual, aggressive, and parental behaviors are 
recognized on the basis of their stereotyped 
and distinctive motor patterns. RBCC output 
to the midbrain, especially the PAG, has been 
established as a key pathway for the motor execu- 
tion of social actions (87-90) (Fig. 3). The VMHvl 
mainly targets the dorsomedial and lateral PAG, 
matching the male aggression-induced c-Fos pat- 
tern. By contrast, the MPOA mainly targets the 
ventrolateral PAG, consistent with male mating- 
induced c-Fos (87, 87, 88, 90, 91). PMv projection 
to the PAG is relatively sparse (89, 90). Interest- 
ingly, the RBCC largely avoids the dorsolateral 
PAG, a region that is important for defense (90). 
The PAG then relays the hypothalamic signal to 
spinal cord motor neurons directly or indirectly 
through the pons and medulla (92). 

The role of the PAG in female sexual behav- 
ior and aggression, which are two VMHvIl- 
mediated social behaviors, has been well es- 
tablished. PAG lesion in rats reduces both 
behaviors, whereas electric stimulation of the 
PAG has the opposite effect (22, 93, 94). More 
recently, we found that activating the VMHvl 
to the PAG pathway induces attack in male mice, 
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whereas inactivating the PAG blocks VMHvl 
stimulation-induced attack (95). Interestingly, 
after PAG inactivation, animals remain highly 
engaged with the intruder and show attack-like 
behavior, for example, lunging, but fail to com- 
plete the attack sequence (95). Consequently, 
the opponent walks away unharmed. Thus, PAG 
lesion impairs the motor execution of attack 
but not the underlying aggressive motivation. 

The role of the PAG in male sexual and pa- 
rental behaviors, which are two MPOA-mediated 
social behaviors, is less clear. For male mating, 
c-Fos increased in the PAG (97), but large lesions 
in the PAG accelerated rather than suppressed 
mounting behaviors (96). For parental behaviors, 
caudal PAG lesion reduces kyphosis, a supine 
posture during nursing, but does not affect active 
parental behaviors, such as pup retrieval (97). 
Rostral PAG-lesioned animals still initiate re- 
trieval of pups but have trouble releasing them 
when held in the mouth (98). Optogenetic ma- 
nipulation of MPOA“ to PAG projection specif- 
ically affects pup grooming (57). Thus, different 
subregions of the PAG are likely involved in dif- 
ferent aspects of parental behaviors, and mid- 
brain regions outside of the PAG may drive active 
parental actions. Indeed, early lesion studies and 
recent pathway-specific optogenetic activation ex- 
periments have suggested that the MPOA engages 
the ventral pallidum through its projection to 
the VTA to mediate pup retrieval (38, 99). 

How does the RBCC control social actions in 
broader terms (Fig. 4)? Electrophysiological 
recordings have shown that medial hypotha- 
lamic cells do not carry information regarding 
specific movements during social behaviors. 
For example, individual VMHvI cells increase 
activity during the entire attack sequence regard- 
less of whether the animal is lunging, biting, 
or tumbling (100). Thus, RBCC cells could not 
instruct moment-to-moment movement; instead, 
the cells likely serve as a “permissive gate” that 


Internal state cues 


allows motor neurons to drive an action based 
on immediate sensory cues. We speculate that a 
brainstem-spinal cord reflex circuit exists for 
each social action, such as biting, retrieving, or 
mounting, that takes in sensory inputs and 
activates the local motor neurons to drive co- 
ordinated muscle movements (Fig. 4). Visual 
inputs may enter the circuit at the brainstem 
level, for example, through the superior collic- 
ulus (01), whereas spinal cord sensory neurons 
presumably receive somatosensory inputs. The 
brainstem-spinal cord circuits, however, are 
likely unable to operate on their own, either be- 
cause the motor neurons are under tonic sup- 
pression or the inputs from sensory neurons are 
not sufficiently robust. We suggest that only 
when the RBCC is activated to remove the 
inhibition or boost the excitatory drive can the 
motor neurons respond to the acute sensory 
inputs. During social encounters, the increased 


activity from specific cells in the RBCC deter- 


mines which brainstem-spinal cord circuits are 
permitted to operate. However, the final release 
of the action should be triggered by the acute 
sensory inputs to the brainstem or spinal cord. 
We speculate that the sensing cells in the 
brainstem-spinal cord circuits have a limited 
ability to integrate information from various 
sensory modalities and thus are activated pro- 
miscuously if ungated. Therefore, when the 
medial hypothalamic cells are artificially acti- 
vated, the animals initiate social actions toward 
improper targets (72, 13, 16). For example, 
VMHvl activation can induce attacks toward 
an inflated glove (16). Although the glove has 
no resemblance to a mouse in its smell, sound, 
or shape, its soft and bouncy surface provides 
sufficient somatosensory input to trigger the 
brainstem-spinal cord biting circuit once its 
gate is opened by artificial VMHvI activation. 
A similar conceptual framework for generat- ; 
ing lordosis was proposed by Donald Pfaff and , 


Conspecific olfactory cues 


Hypothalamic RBCC 


Visual cues 


7 
Clelcrelo 


Somatosensory cues 


— /|\ 
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Fig. 4. The RBCC and brainstem-spinal cord dual control of social behaviors. In rodents, the RBCC 
receives many internal state and conspecific olfactory cues to determine the type of social behaviors to be 
executed. The RBCC provides permission to specific brainstem-spinal cord cell groups so that those cells 
can respond to acute sensory visual and somatosensory inputs and generate motor outputs. 
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co-workers (22). They suggested that a series of 
brain modules mediates lordosis. The spinal cord 
modules, coordinated by the brainstem module, 
control the muscle movements in response to the 
somatosensory inputs to the spinal cord during 
male mounting, whereas the output of the 
hypothalamus module to the brainstem might 
be essential for ensuring that lordosis only 
occurs during estrus (22). We now know that 
female VMHvI activity increases during estrus 
and with the proximity of a male (23-25, 67). 
Thus, the increased VMHvl output provides a 
window of opportunity for the brainstem-spinal 
cord circuit to drive lordosis upon receiving the 
somatosensory cues during male mounting. 
The dual hypothalamic and brainstem control 
system ensures that the social action is sup- 
ported by the animal’s physical and reproduc- 
tive states, is directed toward the right social 
target (based on hypothalamus input), and 
happens at the right moment (based on the 
acute sensory inputs to the brainstem and 
spinal cord). We speculate that this dual-control 
system is a common feature in generating innate 
social actions, and the same principle may apply 
to learned social actions that vary rapidly with 
the opponent’s behaviors (Fig. 4). As we gain a 
better understanding of the connectivity be- 
tween the RBCC and the brainstem-spinal cord 
circuit that is relevant for each social action, 
this dual-control system will be further tested 
and specified in future studies. 


Concluding remarks 


The RBCC orchestrates all innate social behav- 
iors that subserve reproduction. The MPOA 
drives male sexual, paternal, and maternal 
behaviors, whereas the VMHvI and PMv pro- 
mote female sexual behavior and aggression 
in both sexes. The MPOA and the VMHvl and 
PMv may have an antagonistic relationship, as 
indicated by their opposing roles in multiple 
social behaviors. At the baseline, the RBCC 
adjusts an animal’s physical activity, hence the 
chance of social encounters, on the basis of 
hormonal and metabolic signals. Upon en- 
countering a social target, the RBCC engages 
the dopamine system to sustain the social 
interest and reinforce the actions and con- 
texts that lead to the successful completion 
of social behaviors. The PAG has emerged as 
a critical midbrain relay for executing VMHvI- 
driven social behaviors, but the midbrain region 
that transforms MPOA signals into motor actions 
remains elusive. Regardless of the exact circuit, 
we propose a hypothalamic and brainstem- 
spinal cord dual-control system for the motor 
execution of each social action. In this model, 
medial hypothalamus activity determines the 
broad behavior category based on the animal’s 
internal state and opponent’s social identity 
and opens the gates to allow specific brainstem- 
spinal cord circuits to respond to the immediate 
sensory cues and drive moment-to-moment 
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motor output. Though not discussed here, the 
RBCC also drives a suite of autonomic responses 
to prepare the body for social actions and 
triggers neuropeptide and hormone releases 
that are essential for reproduction after mating 
(102). Lastly, it is worth mentioning that al- 
though the RBCC circuit is hardwired devel- 
opmentally, it remains plastic. The input-output 
relationship of the circuit can be shaped through 
experience during development and adulthood, 
enabling widely different tendencies in the ex- 
pression social behaviors across individuals (103). 
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Sleep and the hypothalamus 


Antoine R. Adamantidis'2* and Luis de Lecea?+* 


Neural substrates of wakefulness, rapid eye movement sleep (REMS), and non-REMS (NREMS) in the 
mammalian hypothalamus overlap both anatomically and functionally with cellular networks that 
support physiological and behavioral homeostasis. Here, we review the roles of sleep neurons of the 
hypothalamus in the homeostatic control of thermoregulation or goal-oriented behaviors during 
wakefulness. We address how hypothalamic circuits involved in opposing behaviors such as core body 
temperature and sleep compute conflicting information and provide a coherent vigilance state. Finally, 
we highlight some of the key unresolved questions and challenges, and the promise of a more granular 
view of the cellular and molecular diversity underlying the integrative role of the hypothalamus in 


physiological and behavioral homeostasis. 


he hypothalamus is a phylogenetically 
conserved structure that constitutes only 
3% of the volume of the human brain yet 
is involved in myriad homeostatic func- 
tions essential to survival, including ther- 
moregulation, energy and body fluid balance, 
reproductive or aggressive behaviors, and sleep 
and wakefulness. Anatomically, the hypothala- 
mus is a federation of cytoarchitectonically 
defined nuclei containing a large diversity of 
cell populations that express multiple and dis- 
tinctive transcription factors, transmitters, neu- 
ropeptides, and transmembrane receptors 
(7-3). Neurons and glial cells, including epen- 
dymal cells and tanycytes, form an intricate 
network that is embedded in brain-wide struc- 
tures. This molecular and cellular diversity 
is consistent with the multiple roles of the 
hypothalamus in the maintenance of stable 
physiological set points (e.g., body temper- 
ature, energy status, or endocrine secretion) 
in ever-changing internal and external con- 
ditions. A common view is that the hypo- 
thalamus contains “sensor-effector” systems 
that detect deviations of physiological pa- 
rameters from set points—e.g., through re- 
ceptors expressed on specialized cells—and 
trigger responses to keep those parameters 
within specific ranges. This physiological ho- 
meostatic response often precedes the elabo- 
ration of goal-directed behaviors ranging from 
appetite and thirst, reproduction, and parental 
behaviors to fight-or-flight that represent a 
behavioral homeostatic response. 
Physiological homeostasis drives seemingly 
antagonistic behaviors. For example, feeding 
opposes fasting, as fight does to flight re- 
sponses and sleep does to wakefulness. A 
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consequence of prolonged wakefulness is the 
accumulation of sleep pressure that dissipates 
during sleep in a process called sleep homeo- 
stasis. Above a set threshold, high sleep pressure 
triggers “push”/“pull” mechanisms that switch 
ON sleep-promoting circuits and turn OFF 
wake-promoting systems in a mutual inhibition 
network scheme (4-6). Similarly, neurons con- 
trolling food intake and metabolism in the 
arcuate nucleus and the lateral hypothala- 
mus have long been described as “sensors” and 


“A consequence of prolonged 
wakefulness is the accumulation 
of sleep pressure that 
dissipates during sleep in... 
Sleep homeostasis.” 


“effectors” because their activity is directly 
modulated by circulating glucose or the gut 
hormones leptin and ghrelin, which, in turn, 
exert brain-wide modulation of intra- and 
extrahypothalamic circuits that ultimately 
regulate energy homeostasis through feeding 
behaviors and tuning of metabolic rate. Sim- 
ilar mechanisms are described for other hypo- 
thalamus-based behaviors, including thirst (7) 
or parental behaviors (8). 

Despite an apparent anatomical compart- 
mentalization and functional categorization of 
these homeostatic processes, increasing evidence 
suggests that single hypothalamic cells, or 
circuits, overlap in the control of sleep, metab- 
olism, thermoregulation, and energy-fluid 
homeostasis. Fundamental questions concern- 
ing the mechanisms underlying the molecular 
identity of these cells, their activity pattern, 
and functional interconnections across homeo- 
static challenges remain unanswered. This 
Review illustrates the complexity of the mech- 
anisms at play through the description of 
cellular networks from the anterior, lateral, and 
posterior hypothalamus implicated in sleep- 
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wake control and their contribution to ther he 


regulation, food-directed behaviors, and s.-.— 
oscillations. 


From oscillations to sleep states 


Behaviorally, sleep is defined as a rapidly re- 
versible state of behavioral quiescence and 
greatly reduced sensory responsiveness to 
environmental stimuli. Recording of brain and 
muscle activity using electroencephalography 
and electromyography, respectively, remains 
the gold-standard method for defining states 
of sleep and wakefulness and their transitions 
(Fig. 1A) (6). At NREMS onset, the electro- 
encephalogram (EEG) transitions from a state 
of high-frequency, low-voltage waves typical of 
wakefulness to lower-frequency, higher-voltage, 
slow oscillations (<1 Hz), delta waves (0.5 to 
4 Hz), and transient spindles (11 to 16 Hz; 
Fig. 1A). NREMS is associated with the absence 
of body movements and decreased body tem- ” 
perature. The transition from NREMS to REMS 
is signaled by lower voltage, higher-frequency 
theta oscillations (6 to 9 Hz) and gamma 
rhythms (>30 Hz) in the EEG, skeletal muscle 
atonia generated from the pons accompanied 
by fluctuations of heart beat and breathing rate, , 
and a loss of thermoregulation together with 
rapid eye movements. Its other name, paradox- 
ical sleep, refers to the contrast between the 
“wake-like” activity of the brain—although this . 
has been recently revisited (9, J0)—and the con- 
comitant immobility of the body and the 
limbs. REMS is associated with active dreaming 
in humans, although dreams are also described 
during NREMS (1D. 

Current views on the mechanisms of sleep 
propose that sleep results from mutual inhibi- 
tions between sleep- and wake-promoting cir- 
cuits in subcortical structures (6, 72, 13), or as 
an emergent property of oscillatory networks 
such as the one found in cortical or thalamo- , 
cortical circuits (14), consistent with the local 
nature of sleep (75) (Fig. 1, B and C). These views 
are not mutually exclusive, and recent findings 
showed that sleep oscillations such as NREMS 
spindles are associated with REMS onset (J6, 17). 
Similarly, questions remain as to how local 
gene expression, protein translation, or their 
phosphorylation (8, 19) exert pull-push actions 
on sleep-wake “switches” and ultimately coor- 
dinate the cycling of sleep-wake states or sleep 
homeostasis. 


From sleep to “switches” 


Empirical mapping of brain circuits that con- 
trol wakefulness and sleep over recent decades 
emphasized the hypothalamus as a structure 
that contains both sleep- and wake-promoting 
cells, or so-called “switches” in sleep-wake con- 
trol. Live-cell imaging and perturbation tech- 
nologies including opto- and chemogenetics 
in animal models revealed distinctive dynam- 
ics of cell populations and their functional 


lofs 


network at single-cell resolution, deep in the 
hypothalamus. This led to an improved under- 
standing of the mechanisms governing NREMS, 
REMS, and wakefulness. This section reviews 
some of the key experiments that revealed un- 
suspected dynamics and a large diversity of 


sleep-wake state. 
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Fig. 1. Cardinal features of a brain EEG during sleep and current models of 
sleep control. (A) Filtering decomposition of EEG signals recorded shows typical 
state-dependent oscillations in the mouse brain. During wakefulness, the high- 
frequency, low-amplitude oscillations reflect synchronous activities in cortical 
and subcortical networks. High EMG activity signals body movement. At the 
onset of NREMS, EMG activity is low owing to body immobility, and the EEG is 
dominated by high-amplitude, low-frequency slow wave oscillations (<4.5 Hz) 
that include slow oscillations (<1 Hz) and delta waves (0.5 to 4.5 Hz) and 
transient spindles (11 to 16 Hz). The onset of REMS shows predominant EEG 
theta oscillations (6 to 9 Hz) and gamma rhythms, generated by the septo- 
hippocampal and cortical networks, respectively. EMG signal is further reduced 
owing to tonic inhibition of postural muscle. [Adapted from (98)] (B) Schematic 
epresentation of the “circuits view” of the interactions between sleep-promoting 
areas and arousal systems located in the posterior hypothalamus, the basal 
forebrain, and the brainstem during the sleep-wake cycle. Wake systems include 
histaminergic and the hypocretinergic neurons in the hypothalamus, cholinergic 
neurons in the pons and the basal forebrain, noradrenergic neurons of the LC, 
and dopaminergic and serotonergic raphe neurons of the brainstem. These cell 
populations send widespread ascending projections throughout the brain, where 
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activity patterns, rarely restricted to a single 


The foundational work of Von Economo e¢ al. 
identified a “sleep center” in the anterior hypo- 


thalamus, and the preoptic area (POA) in par- 
ticular, and soon after, a “wake center” in the 
posterior hypothalamus (4, 6). This was essen- 
tial to the modern concept of sleep- and wake- 
promoting neurons in the brain. Indeed, cell 
populations selectively active at the onset of 


B Circuits view 


REM sleep 
Wakefulness 
LH (GABA 
ae LDT/PPT (Ach) 
LC (NE) 
LH (MCH, “SLD (GLU) 
GABA) 
BF (Ach) 
TMN LH (Hert/Ox) 
(Hist) 
VLPO/MnPO 
™~:!, (GABA, peptides) 
LZ psution 
PFZ (GABA) Glutamate (GABA) 
NREM sleep 


C Oscillations view 


Ll ks 
fi os 


they inhibit sleep-promoting systems, and to the entire cerebral cortex. At 
REMS onset, sleep-promoting neurons (GABA, galanin) of the VLPO, the median 
preoptic nucleus (MnPN) located in the preoptic area (hypothalamus), and 
brainstem parafacial zone (PFZ) progressively inhibit the excitatory influence of 
wake-promoting systems on thalamic and cortical neuronal populations (6). Brain 
structures responsible for REMS onset and maintenance include cholinergic 
neurons of the pedunculo-pontine and laterodorsal tegmental nuclei and 
GABAergic neurons located in the dorsal para-gigantocellular reticular nucleus 
(DPGi) and vIPAG, cortical and hypothalamic neuronal populations that include 
neurons producing MCH peptide. [Adapted from (100)] (C) Schematic representation 
of the “oscillations view” supporting the observation that sleep can be locally 
regulated and suggesting that global sleep emerges from the progressive 
synchronization of local oscillators distributed across the brain. The slow oscillations 
(<1 Hz) reflect variation in the resting membrane potential of cortical and thalamic 
neurons that switches between depolarized (“UP”) and hyperpolarized (“DOWN”) 
states associated with intense synaptic and bursting activity and cellular quiescence, 
respectively. Topographically restricted thalamocortical networks from the prefrontal, 
somatosensory, motor, or visual cortices can act as independent “sleep units” 

with their own circuit architecture and oscillation pattern. 
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NREMS and during NREMS (called sleep-active) 
were eventually identified in the ventral lateral 
preoptic (VLPO) nuclei, the adjacent median 
preoptic (MnPO) nuclei, and the basal forebrain 
using single-cell electrophysiology or imaging, 
some of which reflect NREMS homeostasis (6). 
Consistent with these correlative findings, chemo- 
and optogenetic activation of sleep-active neu- 
rons in the anterior hypothalamus promoted 
NREMS and to a lesser extent REMS, possibly 
through inhibition of wake-promoting neurons 
of the posterior hypothalamus, whereas their 
silencing decreases NREMS (20). Among the 
inhibitory neuronal populations in the POA, se- 
lective opto- or chemogenetic activation of those 
coexpressing galanin, cholecystokinin (CCK), 
corticotropin-releasing hormone (CRH) or 
tachykinin 1 (TAC1) peptide markers all induce 
NREMS, but in some case also REMS (e.g., CCK), 
with variable potency (2, 21) (Fig. 1B). This effect 
on REMS is due to the existence of cell popu- 
lations that are more active during REMS than 
NREMS, as well as REMS-active cells in this area 
(refer to the section “REMS” below) (6). However, 
wake-active neurons have been also described ad- 
jacent to these sleep-promoting neurons that do 
induce wakefulness upon opto- or chemogenetic 
activation (22). These findings illustrate the large 
variety of cells and circuits from the anterior hy- 
pothalamus that are involved in sleep control. 
Consistent with a brain-wide mechanism of 
sleep, the anterior hypothalamus, and the VLPO 
in particular, receives direct synaptic inputs 
from, and projects to, multiple brain regions 
implicated in sleep-wake control (6). Their 
inhibitory action exerted on wake-promoting 
neurons in the tubero-mamillary nucleus (TMN), 
dorsal raphe nucleus and adjacent ventral peri- 
aqueductal gray matter (vIPAG), parabrachial 
nucleus, and locus coeruleus (LC) result in 
NREMS onset (23) (Fig. 1B). Optogenetic ac- 
tivation of sleep-active y-aminobutyric acid 
(GABA)-mediated POA neurons suppress firing 
in wake-promoting hypocretin/orexin (Hert/Ox) 
(22, 24) and histamine-releasing (2) neurons. 
Thus, accumulating studies implicate an 
increasing number of NREMS-active and NREMS- 
promoting cell clusters not only in the hypo- 
thalamus but distributed throughout the brain, 
supporting the view that sleep has multiple 
origins (4, 6) (Fig. 1B). For instance, NREMS- 
promoting cells have been described in the lateral 
hypothalamus (LH) where a subset of inhibitory 
neurons expressing the long isoform of the lep- 
tin receptor showed sleep-promoting properties 
(25) possibly through inhibition of LH#/° 
neurons (26). How these scattered circuits coor- 
dinate their response to diverse inputs promoting 
sleep, and synchronize their outputs to cortical 
oscillations, remains an unanswered question. 


REMS 


Unlike NREMS, REMS-active neurons were first 
identified in the pons where higher activity of 
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cholinergic neurons from the laterodorsal teg- 
mentum (LDT) and the pedunculopontine teg- 
mentum (PPT) coincides with the onset of REMS 
(4, 13). Additional REMS-promoting cells are 
located in the ventral medulla and lateral hypo- 
thalamus (13) (Fig. 1B). Concomitantly, firing of 
arousal-promoting neurons in the LC, dorsal 
raphe nucleus, LH, and TMN slows down during 
NREMS and almost halts during REMS. The fact 
that manipulating the activity of cholinergic 
neurons has minimal effect on REMS suggested 
that other REMS-active cells may be implicated. 
Rodent models of REMS hypersomnia identified 
REMS-active cells in the anterior, lateral, and 
posterior hypothalamus, but also sublaterodorsal 
nucleus (SLD), the precoeruleus region (PC), the 
medial parabrachial nucleus, and ventral medulla 
(13). Indeed, diverse populations of hypothalamic 
cells were found to be REMS-active. A large 
fraction of LH cells produce the neuropeptide 
melanin-concentrating hormone (MCH) (27) 
and promote REMS when optogenetically acti- 
vated, and to a lesser extent NREMS, through 
multiple downstream pathways, including di- 
rect inhibition of wake-active histamine neurons 
in the TMN and in the brainstem (28, 29). Cells 
expressing the LIM homeodomain factor Lhx6- 
positive inhibitory neurons and located in the 
zona incerta (ZI) dorsal to the LH are activated 
by sleep pressure (30) and promote NREMS and 
REMS in part by direct inhibition of wake-active 
Hert/Ox and inhibitory cells in the LH (37, 32). 
Their projection to the supramamillary nucleus 
(SuM) may contribute to SuM-DG (dentate gyrus) 
modulation of hippocampus theta oscillations 
during REMS. Whereas lesions of the extended 
VLPO (as opposed to its central part) in the 
anterior hypothalamus predominantly affect 
REMS (6), optogenetic activation of inhibitory 
cells in this area affects REMS but also NREMS 
(2). This raised the question as to whether 
NREMS- and REMS-promoting POA cells en- 
compass separate subsets of neurons or whether 
different mechanisms, including selective neuro- 
transmitter or peptide release or postsynaptic 
modulation, facilitates one state over the others. 

Some of the REMS-active cells in the LH are 
involved in theta rhythm rather than the con- 
trol of the onset or maintenance of REMS per se. 
This is the case for a subpopulation of MCH 
neurons that modulate the activity of medial 
septum cells in vitro—the main generator of 
REMS theta rhythm (33)—although the synaptic 
mechanisms and ultimate effect on REMS 
architecture or theta rhythm remain to be deter- 
mined (28, 34). Similarly, a separate population 
of cells that are MCH-negative but express the 
vesicular GABA/glycine transporter in the LH 
(LHY“") are strongly activated during REMS 
(13, 35, 36), but their causal implication in the 
onset or maintenance of REMS remains unclear 
(refer to the section “REMS” below) (37). A third 
population of REMS-active neurons is located 
in the lateral region of the SuM of the caudal 
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hypothalamus and sends prominent innervation 
to the dorsal dentate gyrus of the hippocampus. 
In contrast to their strong activity during REMS, 
their optogenetic activation modulates theta 
oscillations and gamma rhythms rather than 
REMS state duration (38), through dual GABA 
and glutamatergic transmission (39). Thus, the 
original REMS model based on a brainstem mu- 
tual inhibition was revisited and now impli- 
cates the (lateral) hypothalamus (13). 


Wakefulness 


Early in vivo recordings reported wake-active 
neurons in the anterior, lateral, and posterior 
hypothalamus, in particular those producing 
the Hcrt/Ox peptides that are also active upon 
arousal stimuli and locomotion (6, 36). Follow- 
ing von Economo’s discovery of a sleep center, 
the LH was identified as a potent arousal 
center because electrical stimulation of the LH 


elicits arousal and a cortical EEG resembling ” 


wakefulness that is similar to the one induced 
by electrical stimulation of the brainstem as- 
cending reticular activating system, whereas 
lesions or inhibition of the LH induce somno- 
lence in rodents, cats, or humans (36). Opto- 
genetic activation of LH®/* neurons promotes 
wakefulness from NREMS and REMS (40) 
through modulation of LC noradrenergic cells 
(41) in a sleep-pressure-dependent fashion 
(42). Likewise, Hcrt/Ox neurons project to 
wake-active dopaminergic neurons in the ven- 
tral tegmental area (VTA) and nucleus accum- 
bens (43, 44). By contrast, lesions or silencing 
of LH®*/° as well as TMN histaminergic, cells 
do not induce hypersomnolence produced by 
larger posterior hypothalamic lesions (45), but 
result in unstable boundaries between sleep 
and wakefulness. These are reflected by frag- 
mentation of both wakefulness and sleep, as 
seen in narcolepsy or aging (46). Unstable 
boundaries in global sleep states may also be 
caused by local state heterogeneity in cortical 
circuits (47). Of note, mutations in DEC2, a 
transcription factor that regulates hypocretin 
(Hert) gene expression, result in a need for less 
sleep, thus raising the question as to whether 
HCRT activity extends its wake-promoting ef- 
fect onto longer, possibly homeostatic, time- 
scales (48). Similar to the mutual inhibition 
in brainstem circuits, local inhibition of sleep- 
promoting cells by wake-promoting cells within 
the hypothalamus has been proposed; however, 
such functional connections are sparse (49) and 
remain to be investigated. 

LH’ inhibitory neurons showed high dis- 
charge rates during either wakefulness (45%), 
in particular goal-directed behaviors such as 
feeding (50), or REMS (40%; <15% are active 
during NREMS) (36), consistent with the high 
heterogeneity among hypothalamic GABA cells 
(2). Subsets of LHY“47 neurons promote wake- 
fulness from NREMS through direct inhibition 
of sleep-promoting neurons in the anterior 
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hypothalamus (57), and disinhibition of thala- 
mocortical networks (25), LC, and paraventricular 
nucleus of the thalamus (PVT) (25). The find- 
ings that LHY““7 thalamic projections control 
arousal only from NREMS, whereas stimulation 
of LC projections wakes animals from both 
NREMS and REMS, suggest a distributed mode 
of action through specialized, rather than re- 
dundant, arousal pathways. Whether those in- 
volved different cell clusters within the LH or a 
target-specific mechanism remains unclear. 

Histamine-releasing neurons from the tubero- 
mammnillary nucleus (TMN) represent another 
wake-promoting circuit in the posterior hypo- 
thalamus. Even though genetic deletion of 
histidine decarboxylase (HDC) (52) or its opto- 
genetic manipulation (53) induces minimal 
changes in wakefulness or sleep, in vitro cir- 
cuit dissection showed that GABA-expressing 
TMN histaminergic neurons indirectly in- 
hibit sleep-promoting VLPO neurons (54) and 
neocortical cells through putative extrasynap- 
tic modulation (55). Lastly, distinct subsets of 
neurons in the SuM that release GABA or 
glutamate, or both, are implicated in wake- 
fulness and REMS theta rhythm (refer to the 
section “The case of REMS theta oscillations” 
below) (56). 

It is now widely accepted that NREMS, and 
REMS, originate from multiple systems distrib- 
uted across the brain and the body. Yet, a 
comprehensive model of brain control of sleep 
is still lacking owing to our partial under- 
standing of the molecular and cellular nature 
of the sleep homeostat. 


Beyond sleep switches 


Adding to the complex distribution and function- 
al connectivity of hypothalamic cells, increasing 
experimental evidence suggests that sleep- 
wake cells are equally implicated in physiolo- 
gical and behavioral homeostasis, including 
thermoregulation and awake food-directed 
behavior, respectively (Fig. 2A). Although this 
is perhaps not surprising, it strongly con- 
trasts with the prevailing view that single 
genetically defined hypothalamic cells drive 
single hypothalamic functions or single be- 
haviors. This section outlines the cells con- 
trolling NREMS and body temperature in 
the anterior hypothalamus, and those impli- 
cated in REMS and awake food-seeking be- 
haviors in the lateral hypothalamus. A recent 
finding implicating the posterior hypothal- 
amus in modulating cell activities in the 
dentate gyrus during REMS is described as an 
additional, yet under-investigated, role of the 
hypothalamus in awake and sleep-dependent 
modulation of the hippocampus. 


The case of thermoregulation and sleep 


A locus for “warm-sensitive” neurons, i.e., neu- 
rons that increase their firing rate with increas- 
ing temperature, was first described in the POA 
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of the anterior hypothalamus (Fig. 2B) (57, 58). 
By contrast, cold temperature increases the 
firing of a separate, but intermingled, popula- 
tion of “cold-sensitive” cells (59). The POA 
receives temperature-related information from 
the primary sensory ganglia in the skin through 
the dorsal horn of the spinal cord and the 
lateral parabrachial nucleus. It sends projec- 
tions to thermoregulatory effector circuits in- 
cluding the dorsomedial hypothalamus (DMH) 
that controls brown adipose tissue (BAT) thermo- 
genesis through the rostral raphe pallidus (rRPA). 
Activation of the autonomic POA-DMH-rRPA 
pathway suppresses thermogenesis and facili- 
tates heat loss through sweating and vasodila- 
tion. Local warming or electrical stimulation of 
the POA causes hypothermia, whereas lesions or 
pharmacological silencing block the homeostatic 
regulation of an animal's core body temperature 
(58). Optogenetic or chemogenetic activation 
of POAY®"” neurons, or a subpopulation of 
POA“?®> neurons, is sufficient to induce hypo- 
thermia through reduced thermogenesis and 
locomotor activity. The role of POA inhibitory 
neurons in thermoregulation remains unclear 
because optogenetic activation of POAT neu- 
rons had no effect on body temperature, but 
activation of a subset of VLPO™™* cells induced 
hypothermia along with a decrease in physical 
activity. In turn, optogenetic inhibition of these 
neurons resulted in hyperthermia (58, 60). 
Whether a mutual inhibition also exists be- 
tween warm- and cold-sensitive neurons remains 
unclear (59) (Fig. 2B). In addition to the canonical 
POA — DMH — rRPA pathway, neurons located 
in other hypothalamic nuclei directly modulate 
BAT thermogenesis [e.g., (67)], but the precise 
mechanisms and heterogeneity of cell types 
involved remain to be investigated. 

In addition to internal thermoregulation 
mechanisms and circadian fluctuations of body 
temperature, homeotherms develop behavioral 
strategies to ensure a constant temperature by 
actively seeking sources of warmth in a cold 
environment, or cold places when exposed to 
heat. Such homeostatic behavior does not pri- 
marily rely on a functional POA but recruits 
extra-POA circuits and motivation or reward 
pathways involved in other goal-directed behav- 
iors, including feeding or thirst, to satisfy ther- 
mal homeostatic needs, as well as sleep. Indeed, 
warm temperatures favor sleep, and core body 
temperature drops before the onset of NREMS, 
during which it remains low through peripheral 
vasodilation. By contrast, REMS is associated 
with an almost complete loss of thermoregu- 
lation in many species that is thought to be 
related to alternative energy allocation during 
sleep (62). Thus, sleep and thermoregulation 
studies converge toward neurons in the ante- 
rior hypothalamus as common substrates for 
sleep and thermoregulation. Whether sleep and 
thermoregulation pathways engage overlapping, 
or separate, neuronal populations remains un- 
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clear. Notably, a subset of warm- and cold- 
activated neurons in the POA show increased 
firing rate during NREMS and wakefulness, 
respectively, and POA lesions decreased NREMS 
and REMS and block homeostatic response to 
warmth (63). Similar to electrical stimulation, 
warming of the POA induces sleep and en- 
hanced the amplitude of EEG slow oscillations 
and delta-wave activity, both markers of sleep 
depth (63). Opto- or chemogenetic activation 
of VLPOS* promotes sleep and heat loss in 
mice (2/, 64). As an exception, VLPO lesions 
lead to a decrease in NREMS duration and 
altered cortical oscillations without affecting 
body temperature, whereas VMPO lesions have 
the opposite effect, including no sleep changes 
and an increase in the circadian amplitude of 
body-temperature changes (6). Similarly, heat- 
tagged neurons in the medial preoptic area 
(MPA) revealed two populations driving sleep 
and thermoregulation, or sleep alone, respec- 
tively (65). Collectively, these findings empha- 
size the need for comprehensive approaches to 
map hypothalamic cells and circuits support- 
ing both sleep and thermoregulation at single- 
cell resolution. 

Notable findings on the mechanisms of an- 
esthesia expand the link between sleep, ther- 
moregulation, and metabolism within POA 
networks. Experimental reactivation of hypo- 
thalamic neurons that were previously activated 
(and tagged) by dexmedetomidine-induced 
sedation, or sleep rebound, both increase NREMS 
in mice (20, 64). These findings support the 
view that anesthesia and sleep share common 
pathways in the anterior hypothalamus, although 
contrasting findings suggest otherwise (66). 
Whether those reflect changes in sleep, sleep- 
like activity associated with anesthesia, thermo- 
regulation, or bottom-up modulation of the 
thalamocortical network and ultimately con- 
sciousness remains unclear. Furthermore, they 
raise the question as to what percentage of cells 
exhibit overlapping activities between these 
states, and how NREMS and body tempera- 
ture can be functionally disconnected in experi- 
mental procedures. 

An additional cell population adjacent to the 
VLPO and expressing the pyroglutamylated 
RFamide peptide (QRFP) induced long-lasting 
hypothermia, hypometabolism, and very-low- 
amplitude EEG and decreased breathing or 
heart rate when activated with optogenetics or 
pharmacogenetics (59, 67). This hibernation- 
like state relies on GABA or glutamate signaling 
from the POA to the DMH. These findings 
further confirmed that torpor-like states share, 
at least, some of the pathways regulating 
thermoregulation. Likewise, torpor-inducing 
TRPM2-expressing neurons in the DMH receive 
projections from the arcuate and suprachias- 
matic nucleus and send projections to brain 
regions involved in thermoregulation (68). How 
this is integrated with sleep control, brain 
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oscillations, and metabolic states is an im- 
portant research endeavor with translational 
applications in emergency medicine and space 
travel (69). 


The case of goal-directed behaviors and sleep 


In addition to being implicated in the control of 
sleep and wakefulness, the LH was once called 
the “pacemaker for food motivation,” which re- 
flects its ability to control both the timing and 
the generation of goal-directed behaviors toward 
natural or drug rewards according to homeo- 
static needs (70) (Fig. 2, A and B). Lesions of the 
LH induce the “lateral hypothalamic syndrome,” 
which is characterized by hypoactivity, somno- 
lence, and ultimately, hypophagia, adipsia, and a 
global decrease in motivation, whereas electrical 
stimulation of the LH has the opposite effect and 
results in “voracious” eating and increased body 
weight, self-stimulation, and motivation (70). This 
is consistent with a role for the LH and its inhib- 
itory neurons in arousal and awake behaviors, 
because the activity of LHY“47, LHY®™, and 
LH#“V©x ig modulated by hedonic and incen- 
tive cues associated with both food and taste 
aversion and also sensory stimuli (e.g., air puff), 
as well as predation and escape behaviors 
(36, 50, 70) (Fig. 2B). 

How do LH neurons modulate such a broad 
range of behaviors? Optogenetic stimulation 
of non-Hecrt/Ox, non-MCH, or LHY““T neurons, 
or their projections in the paraventricular nu- 
cleus (PVN) of the hypothalamus, induced a 
rapid and frequency-dependent increase in 


A Temporal scale of physiological and behavioral homeostasis 


. & Thirst 


Feeding 


both food consumption and reward-seeking 
behaviors—i.e., low- and high-frequency stimula- 
tions driving either consumption or rewarding 
effects, respectively (71)—whereas their opto- 
genetic silencing or genetic ablation results in 
decreased food intake (72). Some of these 
effects are partly mediated by direct modula- 
tion of midbrain VTA neurons (73) and likely 
encode appetitive behaviors and motivation, 
whereas consummatory responses are pre- 
sumably driven by LHY“T terminals in the 
ventral striatum. By contrast, glutamate neu- 
rons in the LH suppress feeding behaviors in 
food-deprived mice (72, 73), and silencing of 
their projections to the lateral habenula (LHb) 
enhances consumption of a palatable reward 
(74), implicating the LH-LHb pathways in 
negative feedbacks on reward pathways. If 
LHY“T and LH’ neurons predominantly 
control feeding and avoidance behaviors, re- 
spectively, LH2*” or LHM neurons, which 
represent a smaller fraction of these excita- 
tory and inhibitory neurons, respectively, only 
moderately affect food intake and motivation 
on short timescales (75). This is likely due to 
their antagonistic roles in the modulation of 
metabolic rate, locomotion, and ultimately body 
weight over long timescales (76). Such tempo- 
ral dynamics are consistent with long-lasting 
modulatory actions of peptides on hypothal- 
amus and brain targets as compared to the fast 
action of neurotransmitters (77). 

Collectively, these studies questioned the 
mechanisms and computations underlying the 
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Fig. 3. The temporal organization of the hypothalamus homeostasis. 

(A) Timescale of hypothalamus-based control of physiological and behavioral 
responses to homeostatic challenges. The activity of hypothalamic cells and 
circuits across physiological and behavioral homeostasis fluctuates over time- 
scales ranging from fast activity of cells controlling arousal and awakening from 
sleep to homeostatic or fight-or-flight responses (over seconds to a minute) to 
slower modulation of physiological homeostasis such as thirst, feeding, or mating 
that occur on relatively short timescales (from minutes to several tens of 
minutes). Longer timescales are necessary for molecular components 
underlying recovery from energy usage or DNA damage in wake-active cells, 
whereas energy allocation, sleep, and parental behaviors necessitate hours to days, 
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Years 


coordination of internal and behavioral homeo- 
static regulation by the LH (Fig. 2, B and C). If 
being awake is a sine qua non condition to feed, 
fight, or reproduce—the wake-active profile of 
LHEv/Ox PHYGAT oy LHYE™” is consistent with 
their involvement in goal-directed behaviors— 
the function of their activity during sleep is not 
necessarily obvious. The finding that the activity 
pattern of feeding-related LH’ cells during 
feeding is reactivated during REMS is thought 
to reinforce circuit connectivity and ultimately 
optimize feeding-related behaviors (37). Our cur- 
rent understanding of the mechanisms under- 
lying physiological and behavioral homeostasis 
remains limited to the investigation of a single 
system within a restricted time window. Taking 
into consideration the dual role of LH#/°* 
cells in metabolism, reward, and arousal, for 
instance (78), revealed key integrative aspects 
of hypothalamic control of physiological needs. 
Equally important is the integration of the 
“amplitude” of homeostatic challenges. Sleep 
deprivation of an hour, or overnight fasting, 
is likely to impose fewer constraints on body 
physiology than a 6-hour sleep deprivation, or 
a migration. The cellular and molecular mecha- 
nisms underlying such different timescales 
may range from changes in phosphorylation 
profiles of ion channels (18) to the response 
to DNA damage associated with sleep. Thus, 
it will be important to design comprehensive 
experimental strategies that characterize the 
activity of single LH cells across various ho- 
meostatic challenges at different timescales 


B Daily trajectory of hypothalamic homeostasis 
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respectively. Although homeostatic processes stem from hypothalamic-based cells, 
they engage brain-wide networks through a precise coordination of cellular networks 
across time and space. (B) Schematic representation of the trajectories of 
hypothalamic cells and circuits through recurrent homeostatic routines (gray) are 
likely conserved (color) in individual organisms across time. For example, energy 
storage and fluid balance of an animal must be replenished before the preparatory 
phase, and ultimately onset, of sleep. Larger deviations from set points of energy 
status, stress due to predation, seasonal behaviors (reproduction, migration), or 
environmental changes (cold wave, global warming) presumably involve adaptations 
longer than a day and possibly other systems; the mechanisms driving these 
homeostatic routines remain unknown. 
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SPECIAL SECTION 


THE HYPOTHALAMUS 


to decipher the hypothalamic coding of physi- 
ological and behavioral homeostasis. 


The case of REMS theta oscillations 


Hypothalamic cells active during sleep are im- 
plicated in other aspects than thermoregulation 
and goal-directed behaviors. These are presu- 
mably involved in modulating brain activity 
during sleep. This is the case for neurons lo- 
cated in the SuM and their implication in hip- 
pocampal oscillations during REMS. The SuM 
lies dorsal to the mammillary body in the 
caudal hypothalamus and provides extensive in- 
nervation of the cerebral cortex, wake-promoting 
basal forebrain, and the hippocampus, in- 
cluding the dentate gyrus. Most neurons in 
the SuM show discharge rates that correlate 
with hippocampal theta modulation (79). Two 
major populations of neurons that produce 
and release both GABA (i.e., cells express both 
glutamate decarboxylase 65, GAD65, and VGAT) 
and glutamate (i.e., cell express vesicular gluta- 
mate transporter 2, vGlut2; SuM@“P4/8"4), or 
glutamate only, have been described in the 
SuM that synapse onto dorsal or ventral DG 
neurons (also CA2 cells; SuM®"), respectively 
(Fig. 2B). In addition, SuM cells receive recip- 
rocal inputs from the LH, including MCH neu- 
rons, DMH, ventromedial hypothalamus (VMH), 
and VTA (80). Whereas SuM lesions reduce 
the amplitude of theta oscillations during 
REMS (39), chemogenetic manipulations of 
SuME" neurons, but not SUM“, promote 
wakefulness and increase the amplitude of 
theta oscillations and gamma rhythms (56). 
Their acute silencing increases NREMS and 
wakefulness fragmentation and decreases theta 
oscillations and gamma rhythms. By contrast, 
SuM“*/8lt neurons activate dorsal DG gran- 
ule cells and theta-gamma oscillations during 
REMS (88, 39). Their activation has minimal 
effect on REMS but induces wake from NREMS, 
as well as locomotor activity during wakeful- 
ness (38). 

These studies further highlight the complex- 
ity of cell identity, in particular the difficulty of 
determining which neurotransmitters are re- 
leased by particular cells, and the wide variety 
of possible postsynaptic control mechanisms. 
Whether this underlies the dual role of SuM 
neurons in sleep architecture and brain func- 
tions associated with REMS hippocampal oscil- 
lations is unknown. Of note, both LHM“ and 
ZI'**6 neurons have dense projections to the 
SuM (8D; however, their role in the regulation 
of REMS architecture or oscillations remains 
to be investigated. Recent optogenetic manip- 
ulation of CA2-projecting SuM cells selectively 
during REMS resulted in impaired social mem- 
ory (82), suggesting a possible implication in 
another aspect of behavioral homeostasis. 

In this context, the control of sleep oscillations 
would be akin to circadian rhythms and neuro- 
modulation whereby thalamocortical or hip- 
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pocampal networks generate oscillations for 
cortical communication without the hypothal- 
amus, but transitions between thalamocor- 
tical or hippocampal sleep oscillations rely on 
subcortical structures that include hypotha- 
lamic circuits. Thus, clarifying the information 
carried by SuM neurons to either DG or CA2 
reward pathways during wakefulness and REMS 
likely provides an experimental framework 
to test the role of hypothalamus modulation 
in behavioral homeostasis (e.g., social inter- 
actions or cognition) and its relationship to 
sleep. Ultimately, the modulation of sleep os- 
cillations by hypothalamic circuits may estab- 
lish a previously unknown link between the 
“circuit” and the “oscillations” views of sleep 
control (Fig. 1). 


Conclusions 


Physiological imbalances and changes of in- 
ternal states trigger motivational drives and 
goal-directed behaviors in a specific temporal 
sequence (Fig. 3, A and B). The hypothalamus 
is central in integrating a variety of thermal, 
metabolic, endocrine, and environmental sti- 
muli into coherent behavioral responses. The 
overlap between thermoregulation, goal-oriented 
behaviors, and sleep described in this Review is 
not restricted to the example of sleep as sug- 
gested by the adaptation of thermoregulation 
in association with social interaction (hyper- 
thermia) (83), the increased arousal in anticipa- 
tion to food availability (78), or the development 
of feeding strategies under predation (84). These 
recent discoveries emphasize the need for a 
better understanding of the organization of 
hypothalamic-based behaviors at single-cell 
resolution across time and space. 
Longitudinal recording of cellular activity in 
various species (85-87) and homeostatic chal- 
lenges including temperature, metabolism, and 
sleep using genetically encoded voltage, cal- 
cium, or transmitter or peptide sensors holds 
strong promise for revealing the cellular di- 
versity of, and overlap between, hypothalamic 
neurons controlling body temperature, sleep, or 
the goal-directed behaviors discussed above. 
The genetic identity of hypothalamic cell 
populations and their neurotransmission re- 
mains exceptionally difficult to decipher. Ge- 
netically encoded markers are suggestive of a 
deterministic and evolutionarily conserved neu- 
roanatomical organization, whereas changes 
in the expression of neuropeptides and neuro- 
modulators, or in the expression of membrane 
receptors (88), including TH (89) or MCH (90), 
as well as newly generated neurons (91), have 
been reported in the hypothalamus after sleep 
deprivation (92) or maternal and aggressive 
behaviors (93). Together with the frequency- 
dependent release of a different set of trans- 
mitters or modulators (40, 94), these diverse 
modes of neurotransmission remain to be 
investigated across metabolic, temperature, 
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and ecological constraints (e.g., torpor or 
hibernation). For example, the identification 
of mirror neurons in the hypothalamus high- 
lights the integration of a social component in 
hypothalamic-driven behaviors; these may also 
include social behaviors in anticipation of sleep. 
At the systems level, resolving the contribution 
of each of these subpopulations, their dynam- 
ics, and effector pathways will refine our under- 
standing of how single neurons share functions 
as diverse as sleep, thermoregulation, or action 
selection. 

Finally, animals often exhibit preparatory 
behaviors before sleep that include feeding, 
drinking, nest building, social huddling, seeking 
warm places, and curling up to reduce body heat 
loss. These behaviors implicate brain-wide sys- 
tems, including the circadian suprachiasmatic 
nucleus (SCN) (95), as well as reward (44, 96) 
and likely thermoregulatory pathways (Fig. 3, 
A and B). Accordingly, infusion of glucose in 
the POA promotes NREMS sleep by increasing 
the activity of sleep-promoting neurons (23), 
whereas the satiety hormone leptin inhibits 
LHE“V/©x neurons (26), thereby disinhibiting 
sleep-promoting circuits. Internal state variables 
that are permissive for sleep—e.g., metabolic 
signals, circadian synchronization, external and 
core body temperature, immune status, stress, 
and emotional state—may generate a multi- 
dimensional energy landscape that defines 
neural trajectories that ultimately trigger sleep, 
similar to what has been proposed for aggres- 
sion (97). This would be consistent with a 
prioritization of resource allocations and behav- 
ioral strategies associated with the hypothalamic 
control of multiple homeostats (62). 

The organization of coordinated physiologi- 
cal and behavioral responses to homeostatic 
challenges implicates cellular networks beyond 
the hypothalamus. The stability of these re- 
sponses across time and space is essential to 
ensure an optimal adaptation of and survival. 
A better understanding of those responses from 
a molecular to a brain-wide perspective will 
have tremendous consequences for the identi- 
fication of new treatments for disorders of 
sleep, metabolism, and brain health in humans. 
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EDITORIAL 


First things first 


Ithough trustees and administrators at univer- 

sities in the United States are acutely aware of 

the mental health crisis on their campuses and 
consistently rate it as one of the most pressing 
challenges, it usually only gets attention when 

a tragedy strikes a member of the student body. 

Those moments illuminate the lack of adequate 
mental health care for undergraduate and graduate stu- 
dents, but are hastily followed up with meetings admon- 
ishing administrators to hire more counselors. Despite 
the constant drumbeat of these episodes, hardly any uni- 
versities have prioritized mental health in a comprehen- 
sive and proactive way. The newly appointed president 
of Dartmouth College, Sian Beilock, has taken a refresh- 
ing approach in naming campus mental health as the 
first priority in her inaugural address. It’s long past time. 
I caught up with Beilock for a wide-ranging conversa- 
tion about this issue. Our meeting oc- 
curred at a time when campuses are 
strained by the unfolding war in Israel, 
and that made our discussion all the 
more poignant. Beilock is a psycholo- 
gist who has studied the physiological 
effects of anxiety and stress, and that 
has informed her priorities. “I’ve seen 
people with so much potential not be 
able to reach it because of stress or anx- 
iety,” she said. “And I know the power 
of equipping students and faculty and 
communities to deal with these issues.” 
Presidential inaugural addresses are typically bland 
efforts aimed at satisfying multiple constituencies using 
the latest academic buzzwords interspersed with trib- 
utes to the history of the institution. They rarely lead 
with problems, particularly those involving the campus 
in question. But Beilock led with the fact that public con- 
fidence in higher education in the US has plummeted to 
36%, and that poor mental health on campus is a major 
cause. When I asked her if this aspect of student well- 
being distracted from a message about the academic 
work of the university, she refused to concede they were 
mutually exclusive. “I think that to get the best out of 
people, they have to feel okay and have the tools to get 
help when they need it,’ she said. “And I think some- 
times we as principal investigators and leaders don’t al- 
ways make that clear.’ She said the message should be: 
“We care about how you are and how you succeed be- 
cause feeling well will allow you to succeed even better-” 
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Beilock pushed through some common impedi- 
ments to getting this done. She was quick to point out 
that the effort had to touch the whole campus. Men- 
tal health services are often viewed as a resource for 
undergraduates and not graduate students, but she 
has been careful to set it up for all students. It’s also 
common to view the hiring of more counselors as the 
sole solution, but she sees involvement of the whole 
campus as equally important. She will have to work 
hard to get faculty and students to realize that this is 
something that has to be owned by everyone. Former 
AAAS (American Association for the Advancement of 
Science, the publisher of Science) leader Alan Leshner 
has written about this problem and agrees. “Faculty 
fear dealing with any kind of psychological problems 
in their students, and generally turn away from the 
issues out of fear that they'll do the wrong thing,” 
Leshner told me. “So it’s important 
to both train and reassure faculty 
that they can do this, as long as they 
don’t try to be substitutes for profes- 
sionals and recognize that their job 
includes recognizing, sympathizing, 
and referring students to profession- 
als in this domain.” 

I asked Beilock what principal in- 
vestigators or lab members should 
do when worried about a student co- 
worker. “First, I would understand 
what resources are available on cam- 
pus and help students to understand what those are and 
connect with them,” she said. But she also implored fac- 
ulty to be more open with regard to their own humanity. 
“T also think it’s okay for faculty to talk about their own 
distress and to let students know that were all imperfect 
humans. It often lowers the obstacles to seeking help or 
getting involved when you understand that your princi- 
pal investigator also has had some of these same issues.” 

Beilock’s message is that the ideas and discoveries 
of professors and scholars are important, but students, 
faculty, and staff are people first. The success of higher 
education depends on enabling students to fulfill their 
potential. This rests squarely on mental well-being, and 
when this becomes a top priority, then perhaps those 
who have lost confidence in universities will again rec- 
ognize the positive contribution of these institutions to 
individuals and society. 

-H. Holden Thorp 
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Editor-in-Chief, 
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New England Aquarium scientist Philip Hamilton, to WBUR, on evidence that the decline in 
population of the critically endangered North Atlantic right whale may be leveling off. 
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eLife editor fired for Gaza comments 


ichael Eisen, editor-in-chief of the prominent open-access 
journal eLife, revealed this week he lost his job for publicly 
endorsing a satirical article that criticized people dying in 
Gaza for not condemning the recent attacks on Israel by the 
Palestinian group Hamas. Several editors have already re- 
signed to protest his dismissal. In a 13 October social media 
post, Eisen, a geneticist at the University of California, Berkeley, praised 
the “moral clarity” of the fake news story by The Onion website. A day 
later, Eisen, who is Jewish, expressed horror about Hamas’s attacks on 
Israel but also about “collective punishment” of Palestinians in Gaza. 
Critics called Eisen’s endorsement of the satire immoral. They called for 
him to resign and authors to boycott eLife. Some defenders petitioned 
the Howard Hughes Medical Institute, eZife’s publisher, not to punish 
the editor, citing Eisen’s academic freedom of speech. But eLife fired 
him, citing “detrimental” leadership and communication. After taking 
the helm of eLife in 2019, Eisen, a longtime critic of traditional sub- 
scription journals, introduced controversial policies, such as ceasing to 
accept or reject papers; the journal performs peer review of submitted 


manuscripts for a fee. 


Tighter biosecurity rules unveiled 


PoLicy | To prevent misuse by terrorists, 
officials have announced stricter guidelines 
on selling nucleic acids and devices that 
print genetic material. Voluntary federal 
guidelines issued in 2010 recommended 
suppliers block sales to unverified buyers 
if they could use the products, widely uti- 
lized in biomedical research, to construct 
any of 68 regulated microbes and toxins 
harmful to humans, animals, or plants. 
The revisions, released this month by the 
U.S. Department of Health and Human 
Services, extend the guidance to cover snip- 
pets as short as 50 nucleotides that could 
increase the toxicity or pathogenicity of 
organisms not on those lists. The guide- 
lines also ask companies to incorporate 
automatic screening in desktop devices 
that print nucleic acid sequences. Some 
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biosecurity experts lauded the changes but 
say compliance should be mandatory, a 
policy Congress would have to authorize. 
The nonprofit Nuclear Threat Initiative is 
working to create an international organi- 
zation to codify similar guidelines globally. 


NIH nominee gets Senate hearing 


LEADERSHIP | Monica Bertagnolli’s nomina- 
tion to lead the National Institutes of Health 
(NIH) moved forward in the U.S. Senate last 
week after members grilled her on policy 
issues, but opposition from a key senator 
this week has complicated her confirma- 
tion. Senator Bernie Sanders (I-VT), who 
chairs the Senate health committee that 
held the session, announced he would 

vote no because he was not convinced she 
would work to control drug prices. During 
the hearing, Bertagnolli said she’d work to 


make NIH-developed treatments “available 
and affordable” but declined to comment on 
a proposed “reasonable pricing” clause in 
contracts with companies. Democrats, with 
whom Sanders caucuses, hold a one-seat 
majority on the health panel, so Bertagnolli’s 
nomination will need the support of at 

least one Republican member to proceed 

to a floor vote—and none of those sena- 

tors had endorsed her when Science went 

to press. Bertagnolli, a surgical oncologist, 
has directed the National Cancer Institute 
since October 2022. NIH has been without 
a Senate-confirmed director since Francis 
Collins stepped down in December 2021. 


Spy satellites find Roman forts 


ARCHAEOLOGY | Flying over the Syrian 
desert in the 1920s, a French aviator spot- 

ted the square and rectangular outlines of 
Roman forts. He eventually counted 116,in_ + 
an arc 1000 kilometers long. For decades, 
historians assumed they were the remains 

of a defensive network used to fend off 

the Sasanian Empire, Rome’s rival to the 

east, starting around 200 C.E. This week 

in Antiquity, archaeologists report a new 
interpretation. In declassified U.S. satellite 
imagery from the 1950s and ’60s, they found 
396 more forts scattered across what is now 
Iraq and Syria, many far to the west of the i 
border between the ancient empires. Rather 
than a defensive linear screen like Hadrian’s 
Wall, erected on the Roman frontier in 
England, the Syrian forts were put in place 

to protect and tax caravans and traders mov- 
ing along the Silk Road, the authors argue. 
Recent development has likely destroyed 

some forts: Eighty percent of those identi- 

fied in the old satellite images are no longer 


Aspy satellite photograph shows a suspected Roman 
fortification in northern Syria. 
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IN FOCUS White storks patrol the edge of a controlled fire in Kenya’s Maasai Mara National Reserve, hoping to catch prey, such as 
worms, insects, and spiders, fleeing from the heat. The photo was among those honored in this year’s Wildlife Photographer of the Year 
competition, produced by the Natural History Museum in London. 


visible from space, says co-author Jesse 
Casana of Dartmouth College. 


EPA targets leaded plane fuel 


PUBLIC HEALTH | The U.S. Environmental 
Protection Agency (EPA) last week declared 
that the leaded gasoline used in small 
airplanes threatens public health, pav- 

ing the way for the government to restrict 
its use. The leaded fuel contributes about 
70% of U.S. air pollution containing lead, a 
notorious neurotoxin. EPA noted extensive 
research showing lead causes cognitive 
impairment, especially in children whose 
bodies are still developing; the agency says 
there is no safe level of exposure. EPA said 
5 million people, including 363,000 children 
ages 5 or younger, reside within 500 meters 
of airports, where studies have shown 
exposure is higher. Many are members of 
families with low incomes and are people 
of color. Lead is added to the fuel of older, 
piston-driven aircraft to reduce the risk of 
engine failures. Aviation industry groups 
and manufacturers are studying lead-free 
alternatives; health advocates want them to 
speed up the transition. 


Abiohub for immune-cell sensors 


BIOMEDICINE | Columbia, Yale, and 
Rockefeller universities have formed a new 
research partnership that will receive 
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$270 million over the next 10 years to create 
biosensors by harnessing the natural powers 
of immune cells to detect disease. The Chan 
Zuckerberg Initiative (CZI) will provide the 
bulk of the money, with New York City and 


New York state each chipping in $10 million. 


The institute aims to develop methods, still 
in their infancy, that rely on the ability of 
immune cells to recognize and remember 
signals from diseased cells and organs. In 
theory, blood samples containing sensor 
cells that scientists have engineered could 
reveal specific cancers, neurodegenerative 
diseases, and other illnesses. This becomes 
the fourth “biohub” project funded by CZI, a 
philanthropy created by Meta founder Mark 
Zuckerberg and pediatrician Priscilla Chan, 
who are married. 


Excel fixes science formatting 


SOFTWARE | Microsoft has modified 

its Excel spreadsheets to allow users to 
turn off automatic-formatting functions 
that have for years frustrated scientists 
because they introduce errors or other- 
wise mar entries about research. One of 
these features automatically converts text 
to calendar dates—for example, Excel has 
rendered SEPT2, a common abbreviation 
for the gene Septin-2, as 2 September. One 
in five genetics papers in top scientific 
journals contained errors from the pro- 
gram, a 2016 study found. In a blog post 


last week, Microsoft said Excel will now 
display a warning message when it detects 
that at least one of the automatic data 
conversions is enabled, and the options 
for disabling them will be more visible in 
Excel’s menu (at File > Options > Data > 
Automatic Data Conversion). The options, 
piloted last year, will only be available to 
users of Windows version 2309 and Mac 
version 16.77 and later ones. 


China plans big neutrino catcher 


ASTRONOMY | China plans to build one of 
the world’s largest neutrino detectors deep 
underwater to catch the elusive messengers 
from deep space. The Tropical Deep-sea 
Neutrino Telescope (TRIDENT), announced 
this month, would be operational by 2030. 
Neutrinos are byproducts of nuclear reac- 
tions in stars. They rival photons in number, 
but rarely interact with ordinary matter. 

To observe them, researchers place light 
detectors in a large mass of water or ice and 
look for the rare flashes each time a neutrino 
hits an atom. TRIDENT would use 24,000 
detectors moored at the bottom of the South 
China Sea, 3500 meters below the surface, 
to examine a space measuring 7.5 cubic kilo- 
meters. That collection volume is about the 
same as is planned for an upgrade to the U.S. 
IceCube Neutrino Observatory at the South 
Pole, which will make both new instruments 
far more sensitive than existing ones. 
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DOE picks lab to manage coming data tsunami 


Billions of gigabytes from accelerators and x-ray sources could swamp national labs 


By Adrian Cho 


t risk of drowning in the output from 

its own facilities, the Department of 

Energy (DOE) plans to build a major 

new computing center specifically to 

crunch experimental data. The agency 

will construct a $305 million High 
Performance Data Facility at the Thomas Jef- 
ferson National Accelerator Facility (JLab) 
in Newport News, Virginia, officials an- 
nounced last week. To be completed by 2028, 
the new data center marks an evolution in 
the agency’s approach to science and gives 
a new lease on life to JLab, a small lab that 
currently focuses on nuclear physics and ac- 
celerator development. 

“This is a major response to the grow- 
ing demand,” says Asmeret Asefaw Berhe, 
director of DOE’s Office of Science. DOE’s 
x-ray and neutron sources and atom smash- 
ers serve thousands of experiments probing 
everything from the origins of matter to the 
structures of materials and proteins. As the 
intensity of the sources has increased, they 
produce data ever faster and in greater de- 
tail, threatening to overwhelm computing 
resources at the 10 national laboratories 
run by the Office of Science. “The need for 
managing data is only growing,’ Berhe says. 

For example, DOE runs four circular elec- 
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tron accelerators, or synchrotrons, that gen- 
erate x-rays, and since the 1970s the intensity 
of such sources has increased 100 billion- 
fold. And next spring, Argonne National 
Laboratory in Illinois will finish upgrading 
its Advanced Photon Source (APS) to boost 
its intensity by a factor of 500. 

Brand new data gushers have arrived, 
too. In 2009, researchers at SLAC National 
Accelerator Laboratory in California turned 
on the world’s first x-ray laser, the Linac Co- 
herent Light Source (LCLS), a device driven 
by a linear accelerator that produces x-ray 
flashes 1 billion times brighter than those 
from a synchrotron. SLAC just completed 
an upgrade to enable the LCLS to produce 
1 million flashes per second, increasing its 
data rate by a factor of 8000. 

Within a decade, the data torrent from 
the five x-ray sources alone should grow by 
more than a factor of 100 to reach 1 billion 
gigabytes per year, says Jana Thayer, di- 
rector of the LCLS’s data systems division. 
That’s the equivalent of 1.5 million full- 
length movies per day, she says. “It’s not just 
that we need to watch these movies,” she 
says. “We need to look at every single frame 
of every movie and analyze it in real time.” 

For example, researchers at the LCLS can 
determine a protein’s structure by dropping 
micrometer-size crystals of it into the ultra- 


intense beam and detecting the x-rays that 
scatter from the microcrystals even as they 
are vaporized. Increasingly, biologists want 
to catch the protein as it bends or breaks in 
response to a flash of laser light. To do that, 
researchers have to tune the timing between 
the laser flash and the LCLS’s x-ray blast 
to within a millionth of a nanosecond, best 
done by analyzing the data as it’s gathered. 
Similarly, experimenters at Argonne can 
trace with near-atomic-scale resolution the 
internal structure of a microchip, for exam- 
ple to look for faults. With the upgraded APS, 
they will be able collect those data in a couple 


of days, says Nicholas Schwarz, lead for sci- ~ 


entific software and data management at the 
APS. But they would need a month to ana- 
lyze them, Schwarz says. “That means you're 
flying blind as you take the data, so we're 
looking to accelerate the reconstruction.” 
The JLab facility aims to do just that. Like 
the supercomputers DOE runs at Oak Ridge 
National Laboratory in Tennessee and at Ar- 
gonne, it will include hundreds of thousands 
of processors and a huge, automated reposi- 
tory of tapes. But the existing supercomput- 
ers are optimized to grind away steadily 
on enormous simulations of the climate or 
exotic materials or to train artificial intel- 
ligence programs. Time on the machines is 
apportioned months in advance. The new 
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The Thomas Jefferson National Accelerator Facility, 
a nuclear physics lab, will host a data hub. 


facility will be designed to respond on the fly 
to experiments’ fluctuating demands, says 
Amber Boehnlein, JLab’s associate director 
for computational science and technology. 
“Tf researchers need real time feedback, they 
have to have access to the computing cycles.” 

DOE has already taken steps in this di- 
rection. It has a private network connecting 
the science labs. And since 1996, Lawrence 
Berkeley National Laboratory (LBNL) in 
California has run the National Energy Re- 
search Scientific Computing Center, which 
serves remote experiments and has even 
demonstrated real-time analysis of data from 
a single LCLS experiment. But the new data 
facility will automate and expand the pro- 
cess, using an improved network to shuffle 
data among the labs to wherever computing 
resources are free, Boehnlein says. 

The center also marks an inflection point 
for JLab. Work there has centered on the 
lab’s flagship Continuous Electron Beam Ac- 
celerator Facility (CEBAF), which since 1994 
has probed the structure of atomic nuclei 
and individual protons and neutrons. DOE 
plans to operate CEBAF for at least another 
decade, but exactly how long is unclear. 

In 2020, DOE tapped Brookhaven Na- 
tional Laboratory in New York to build a 
higher energy machine, the $2.4 billion 
Electron-Ion Collider (EIC), which will also 
probe protons and neutrons. JLab physi- 
cists would still like to upgrade CEBAF, but 
many are already working on the EIC, says 
Gail Dodge, a nuclear physicist at Old Do- 
minion University who led a recent long- 
range planning exercise for DOE’s nuclear 
science advisory committee. “Even at JLab 
the highest priority is the EIC.” 

The new facility helps secure JLab’s fu- 
ture. It “diversifies our scientific mission in 
an area that is so critical and exciting right 
now,’ says Stuart Henderson, JLab’s director. 
“Tt couldn’t be better.’ Berhe emphasizes that 
JLab won the data hub on the strength of 
its proposal in a competition among the labs. 
Still, she adds, “It will clearly contribute to 
[JLab’s] vibrancy for many, many years.” 

The facility also embodies the continu- 
ing evolution of DOE’s entire science effort, 
says Michael Witherell, director of LBNL, 
which will partner with JLab in the effort. 
Since its inception in 1977, DOE has built 
scientific facilities based on particle ac- 
celerators. More recently, it has expanded 
into providing supercomputers. Now, it 
aims to pioneer weaving together super- 
computing and experiments, Witherell 
says. “We have a chance to be first in the 
world at showing how all these facilities 
can work together.” 
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First malaria vaccine slashes 
childhood deaths 


Final evaluation brings good news from RTS,S rollout 


By Meredith Wadman 


n a major analysis in Africa, the first 
vaccine approved to fight malaria cut 
deaths among young children by 13% 
over nearly 4 years, the World Health 
Organization (WHO) reported last week. 
Data from a pilot rollout of the vaccine, 
called RTS,S or Mosquirix and made by 
GSK, also showed a 22% reduction in severe 
malaria in kids young enough to receive a 
three-shot series. Hundreds of thousands of 
children are born annually in the parts of 
Ghana, Kenya, and Malawi included in the 
analysis, for which WHO revealed the final 
data at the annual meeting of the American 
Society of Tropical Medicine and Hygiene. 

“The RTS,S malaria vac- 
cine is already saving lives,’ 
said John Tanko Bawa, direc- 
tor of malaria vaccine imple- 
mentation at the nonprofit 
PATH. He added, “What 
we have seen is a consider- 
able impact of a vaccine 
described as having modest 
efficacy.” The 13% drop in 
deaths is so remarkable that 
“I was surprised I didn’t hear 
any gasps when it was stated,’ joked medi- 
cal epidemiologist Mary Hamel, who led the 
WHO pilot program. 

The mortality decline could translate to 
tens of thousands of lives saved if RTS,S, 
which WHO approved for widespread use 
in 2021, is more broadly deployed: In 2021, 
malaria killed an estimated 468,000 children 
younger than age 5 in sub-Saharan Africa. 
Seventeen countries in the region have al- 
ready won approval to receive doses, which 
will start to roll out next year. “This was a 
very large, very robust evaluation done in a 
real-life setting, and you're seeing this huge 
impact,’ says Kwaku Poku Asante, a physi- 
cian and epidemiologist who directs the Kin- 
tampo Health Research Centre and oversaw 
the analysis in Ghana. 

In trial results published in 2015, RTS,S 
showed 36.3% efficacy against clinical ma- 
laria 4 years after toddlers were vaccinated. 
In the $70 million pilot, launched in 2019, 
nearly 2 million children ages 5 months 
to 24 months have been vaccinated in the 


“What we have seen 
is a considerable 
impact of a vaccine 
described as having 

modest efficacy.” 


John Tanko Bawa, 
PATH 


three countries, enabling researchers to 
document the real-world effects of RTS,S 
and study the impact of its rollout on routine 
childhood vaccinations. 

To calculate mortality, the researchers em- 
ployed tens of thousands of community re- 
porters who conducted household surveys of 
deaths in kids younger than age 5. They then 
compared the death rates between children 
age-eligible to receive three doses of the vac- 
cine and those who were not, in both RTS,S ar- 
eas and unvaccinated areas. The comparison, 
covering 46 months, revealed the 13% decline 
in mortality—excluding accidental deaths— 
attributed to RTS,S. The researchers used 
the same method to detect the 22% decline 
in severe malaria, counting admissions with 
severe disease at designated 
“sentinel” hospitals. 

Matthew Laurens, a ma- 
laria vaccine researcher at 
the University of Maryland 
School of Medicine, calls the 
results “fantastic news” and 
theorizes that beyond pre- 
venting malaria, the RTS,S 
vaccine may be_ broadly 
“training” the immune sys- 
tem, providing a protective 
benefit against other infections. Measles and 
tuberculosis shots have shown such general 
survival benefits. 

Using RTS,S did not hurt uptake of other 
childhood vaccines or reduce bed net use. But 
some public health leaders worry its use will 
require trade-offs. “We are still struggling to 


implement the tools that we [already] have ~ 


in many countries,” David Walton, U.S. global 
coordinator for the President’s Malaria Initia- 
tive, told the panel that presented the data 
last week, noting that the extra cost of RTS,S, 
at $10 a dose, “is formidable for many coun- 
tries.” A second malaria vaccine called R21 
won WHO authorization earlier this month 
and is likely to be available more cheaply and 
in greater quantities than RTS,S. 

The lengthy, expensive RTS,S pilot pro- 
gram “did contribute to a delay in widespread 
use of the vaccine,” Hamel acknowledged. 
But without it, “I really believe that questions 
would have lingered” about the vaccine’s ef- 
fectiveness and impact—and the feasibility of 
reaching kids. 
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‘Why can’t you make a coral out of an anemone?’ 


By adding coral genes to a nonmineralizing relative, team aims to show how reefs are built 


By Christie Wilcox 


eefs are vibrant, living structures laid 

down over time by tiny tentacled ani- 

mals. But how exactly corals construct 

the crystals that become the reefs’ 

craggy rocks—a process known as 

biomineralization—has long been 
a mystery. In June, University of Florida 
(UF) marine biologist Federica Scucchia 
believed she and her colleagues had finally 
made a breakthrough. Peering 
through a microscope at blue 
and red blobs along the ten- 
tacle of a 0.6-millimeter anem- 
one, a soft-bodied coral relative, 
Scucchia saw signs that the team 
had managed to coax the crea- 
ture to produce a coral protein 
that concentrates reef-building 
calcium. “I was like, ‘Wow! This 
cannot be!’” she recalls. 

The finding, reported on 5 Oc- 
tober in a bioRxiv preprint, has 
excited coral researchers. Anem- 
ones are far easier to manipulate 
in the lab than corals, which could 
enable researchers to dissect the 
workings of biomineralization. 
That could improve their ability 
to predict how climate change 
will affect critical reef eco- 
systems. “For over 10 years now, 
I have been trying to find a way 
to use an invertebrate as a model 
system for  biomineralization 
studies,” says Tali Mass, a coral 
physiologist and _biomineral- 
ization expert at the Univer- 
sity of Haifa. The new result 
marks progress toward that goal, she says. 

Scientists have glimpsed some elements 
of the chemical feat by which corals pull 
calcium and carbonate ions from seawater 
and fuse them into reef-building minerals. 
They know that, in special compartments, 
corals concentrate ions along with pro- 
teins and other molecules to make a slurry 
known as calcifying fluid. By controlling 
the contents of this fluid, the corals can 
encourage the minerals to crystallize into 
calcium carbonate. 

Scientists have also identified many of the 
genes thought to be involved in this process. 
But pinning down their actual roles in min- 
eralization has proved to be a nightmare. 
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Corals are finicky and difficult to breed in 
the lab, explains UF developmental bio- 
logist Mark Martindale, making them “a 
pain in the ass” for genetic engineering. 
Anemones, however, are a breeze to work 
with, and scientists have created genetically 
engineered anemone lines like those made 
in mice and other model organisms. Years 
ago, Martindale was studying the develop- 
ment of a small anemone species called the 
starlet sea anemone (Nematostella vectensis) 


A genetically engineered anemone produces a coral protein (red) 
that is concentrating calcium (blue). 


and had gotten “pretty bored of it.” He had 
a wild thought: “Why can’t you make a coral 
out of an anemone?” 

After all, anemones and corals are fairly 
closely related—they’re both Cnidarians— 
points out Martindale’s laboratory techni- 
cian, Brent Foster. Anemones share with 
corals some of the same genes that have 
been previously implicated in biomineral- 
ization. What anemones notably lack are 
genes for so-called intrinsically disordered 
proteins, which play crucial roles in accu- 
mulating calcium and carbonate ions. 

Could an anemone be engineered to make 
these proteins? To find out, Martindale and 
colleagues injected the gene that codes for a 


disordered protein called SpCARP1 directly 
into Nematostella embryos. A fluorescing red 
molecule indicated the gene was active. The 
anemone was indeed making the protein. 

But was it actually concentrating calcium? 
Scucchia drew on experience with corals to 
suggest adding a different fluorescent mole- 
cule, Calcein Blue, that glows in the presence 
of calcium. Sure enough, the same regions 
making SpCARP1 also seemed to be aggregat- 
ing calcium. Although many more changes 
will likely be required before 
the anemone will create carbon- 
ate crystals, this is an important 
first step, Scucchia says. Foster 
adds that the team was “pretty 
excited” when it saw that. “It took 
us a long time to get there.” 

It’s a “really exciting” result, 
says University of Rhode Island 
molecular ecophysiologist Hollie 
Putnam. She adds that scientists 
can use this basic model to bet- 
ter understand biomineraliza- 
tion by corals, as well as how 
the process could be affected by 
environmental change. Rising 
water temperatures, acidifica- 
tion, and other environmental 
factors are already taking a toll 
on reefs around the world. With 
engineered anemones, research- 
ers could uncover which versions 
of genes might make reefs more 
resilient in the face of likely fu- 
ture conditions. 

However, Pupa Gilbert, a 
biophysicist and _ geobiologist 
who studies biomineralization 
at the University of Wisconsin- 
Madison, says the preprint is “interesting” 
but she’s “lukewarm” about its significance 
to understanding biomineralization. She’d 
prefer researchers focus on corals di- 
rectly, for example by knocking out specific 
genes and observing how their absence 
affects mineralization. 

For Martindale, Scucchia, and _ col- 
leagues, the next step will be to add coral 
proteins one by one to anemones to try to 
get them to create actual calcium carbonate 
crystals—and possibly the minerals of other 
animals, such as those in echinoderm spines 
or mammalian tooth enamel. 

“We're trying to push the envelope and 
see what we're able to do,” Foster says. 
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COVID-19 


Billions boost next-generation 
weapons against SARS-CoV-2 


U.S. government project bets big on intranasal vaccines and 
monoclonal antibodies, but omits more ambitious approaches 


By Jon Cohen 


ix months after announcing the 

$5 billion Project NextGen to de- 

velop treatments and_ vaccines 

that can “stay ahead of COVID-19,.” 

the U.S. government has awarded 

20 contracts that reveal what much 
of that sum will support. The Department 
of Health and Human Services (HHS) an- 
nounced on 13 October that up to $1.2 bil- 
lion will go to three vaccinemakers aiming 
to develop better shots, adding to $1 billion 
already awarded to test them in yearlong, 
10,000-person clinical trials. Another half- 
billion will support development of mono- 
clonal antibodies (mAbs) that can block 
SARS-CoV-2 infection. 

Project NextGen is far from the all-hands- 
on-deck effort of the $18 billion Operation 
Warp Speed, launched in May 2020, that 
led to the first COVID-19 vaccines in re- 
cord time. But Jennifer Nuzzo, director of 
the Pandemic Center at Brown University 
School of Public Health, says the program 
could “improve upon existing COVID vac- 
cines and treatments [and] lead to discover- 
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ies that can help in our fight against other 
infectious diseases.” 

Others say it will do too little to prepare 
the world for the next pandemic. “The worst 
thing we could do is leave people with the 
sense that this is going to be the solution 
to the future,” says Michael Osterholm, an 
epidemiologist at the University of Min- 
nesota who was on a Steering group of 
researchers that wrote a detailed R&D road- 
map for vaccines that could protect against 
many coronaviruses, not just SARS-CoV-2. 
But, he adds, “It’s a start.” 

Current COVID-19 vaccines only prevent 
symptomatic disease for a few months and 
are even less effective at preventing infec- 
tion. Among the new awardees hoping to do 
better are CastleVax and Codagenix, which 
have developed vaccine candidates that 
will be sprayed into the nose. The goal is 
to stimulate immunity at the mucosal mem- 
branes, a strategy that might prove better at 
thwarting SARS-CoV-2 than current shots. 
A third vaccinemaker, Gritstone bio, uses 
an injected formulation designed to protect 
against a broader range of current and fu- 
ture SARS-CoV-2 variants. 


4 


Project NextGen aims to bring nasally sprayed C( ie 


19 vaccines, already available in China, to the U.S. 


Each company will receive $300 million 
to $400 million but will only be paid in full 
if they hit milestones such as meeting regu- 
latory requirements for the clinical trials. 
Florian Krammer, a virologist at the Icahn 
School of Medicine at Mount Sinai who co- 
invented the CastleVax vaccine, applauds the 
decision to award the money to startup com- 
panies pursuing the riskiest, most innovative 
research, rather than the Big Pharma vaccine- 
makers that Warp Speed favored. “It’s going 
to allow us to move forward,” Krammer says. 

In contrast to the vaccines from Moderna 
and the Pfizer-BioNTech collaboration, which 
consist of strands of messenger RNA (mRNA), 
CastleVax and Codagenix use live viruses 
that can infect cells in mucosal membranes, 
which then produce SARS-CoV-2 proteins. 
CastleVax stitches the gene for SARS-CoV-2’s 
surface protein, spike, into Newcastle dis- 
ease virus, which does not harm humans. 
Codagenix uses a version of SARS-CoV-2 it 
has engineered to not cause disease, but still 
stimulate the immune system. ¢ 

Gritstone relies on mRNA. But unlike the 
mRNA in current vaccines, which codes for 
spike, Gritstone’s codes for both spike and 
regions of the virus that remain conserved + 
across a wide range of coronaviruses. The 
goal is to trigger both antibodies specific to 
spike and T cells that work against a broad 
range of variants. The mRNA in the Gritstone 
vaccine also makes copies of itself in human 
cells after being injected, potentially produc- 
ing large amounts of these viral pieces to gen- 
erate a stronger immune response. 

Whereas vaccines train the immune sys- 
tem to fight infections, mAbs do the work 
themselves, and a subset of NextGen award- 
ees hope to recreate the success mAbs had 
early in the COVID-19 pandemic. Back then, 
the U.S. Food and Drug Administration 
authorized one mAb to prevent infection 
against SARS-CoV-2 and eight others to 
treat mild and moderate COVID-19 disease. 
But viral variants soon dodged the mAbs, 
and all are now off the pharmacy shelf. 

Regeneron will receive the lion’s share 
of the money, $326 million, to develop a 
better mAb to prevent infections. The com- 
pany says its candidate binds to a conserved 
region of the virus, reducing the risk that 
variants will escape its powers. ModeX 
Therapeutics—whose scientific leaders in- 
clude former National Institutes of Health 
Director Elias Zerhouni—is developing 
antibodies that aim to thwart variants by 
targeting several viral sites. Finally, Vir Bio- 
technology will attempt to deliver mAbs 
via mRNA technology, injecting the code 
for each antibody rather than the molecule 
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itself. That would allow a simple shot of 
mRNA to take the place of a complex in- 
fusion, and make it easier to redesign the 
antibodies for a newly circulating variant. 

Myron Cohen, an infectious disease spe- 
cialist at the University of North Carolina 
who advises several companies that make 
mAbs, notes the drugs might provide better 
protection against infection than existing 
vaccines. “MAbs given every 6 months are 
just like vaccines except there’s no wishful 
thinking required,’ Cohen says. 

But others note that for now, mAbs are far 
more expensive than vaccines, limiting their 
use. “If you were investing in new produc- 
tion methodologies for rapidly producing in- 
expensive antibodies, that makes some sense 
to me,” says Mark Dybul, a former director of 
the Global Fund to Fight AIDS, Tuberculosis 
and Malaria. “But if you’re just making more 
antibodies that are going to cost $8000 an in- 
fusion, that’s not going to do it” 

Dawn O’Connell, HHS’s assistant secre- 
tary for preparedness and response, says 
her team expects clinical trials for mAbs to 
begin this fall and tests of the vaccine can- 
didates to start in the winter. O’Connell says 
the goal is “strengthening us for whatever 
the COVID-19 virus brings next.” 

The remaining half-billion dollars in the 
NextGen funding announced so far will sup- 
port development of innovative technologies 
such as skin patches to deliver vaccines, anti- 
viral drugs that might work against a wide 
range of coronaviruses, and wearable sen- 
sors to detect infections. But Osterholm and 
others note that one ambitious approach is 
missing: vaccines that could protect against 
all future variants of SARS-CoV-2 as well as 
viruses in the same family that have yet to 
jump into humans. Other entities, such as 
the nonprofit Coalition for Epidemic Pre- 
paredness Innovations and the National 
Institute of Allergy and Infectious Diseases, 
have committed $250 million to several com- 
panies and academic groups to spur develop- 
ment of these pancoronavirus vaccines. 

Few of those products have moved far 
enough in the development pipeline to earn a 
place in NextGen. And some experts see this 
as evidence that support is waning for higher 
risk R&D that could pay off the next time a 
pandemic virus emerges. “We're in worse 
shape now than we were at the beginning of 
the pandemic, because there was a collabora- 
tive spirit of, ‘We’re going to share informa- 
tion and share knowledge, and we're going to 
get to the answer,” says Dybul, who partici- 
pated in the Independent Panel for Pandemic 
Preparedness and Response. “Everyone's 
back in their corners. And that’s very risky. 
Because everyone’s just going back to the way 
we did it before, and that’s not what we need 
to prepare for the next pandemic.” 
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Mountain mice break altitude 
record for mammalian life 


How rodents survive on summits is a mystery 


By Elizabeth Pennisi 


hree years ago on the border between 

Chile and Argentina, researchers saw 

a leaf-eared mouse (Phyllotis vac- 

carum) scurrying around the top of 

Llullaillaco, a 6700-meter volcano, 

where howling winds, below-freezing 
temperatures, a lack of plants, and scarce 
oxygen were thought to make life impossible 
for mammals. Now, the scientists have shown 
that the animal, common at lower altitudes, 
was not a fluke visitor to the peak. 

The team has captured mice by the doz- 
ens on other Andean peaks, from the same 
species and others. Genomic comparisons 
of high-living P vaccarum with their lower 
elevation relatives confirm that the former 
are permanent residents 
nearly 7000 meters above 
sea level, making them the 
highest dwelling mammal 
found so far. (The previ- 
ous record holder was 
a single pika, a rabbit 
relative, spotted nearly 
6200 meters up on Mount 
Everest a century ago.) 

So far, the research 
team hasn’t identified 
any genetic adaptations 
to high altitude in the 
mice. It’s also unclear 
what they eat on the bar- 
ren summits. (Lichen may be the answer, a 
preliminary analysis of stomach contents 
suggests.) Still, the evidence reported in 
Current Biology this week “lays to rest any 
doubt that mammals live at these really 
extreme altitudes,’ says Grant Mcclelland, 
a comparative physiologist at McMaster 
University who was not involved with the 
work. “It expands our understanding of the 
environmental limits of animals.” 

The cold temperatures and low oxygen 
at high altitudes have long been thought to 
rule out many resident animals, especially 
mammals. With their high energy demands, 
“Mammals in general are not very good at 
dealing with low oxygen environments,” 
says Catherine Ivy, a comparative physio- 
logist at the University of Western Ontario. 

Yet 50 years ago, archaeologists study- 


Andean leaf-eared mice (Phyllotis 
vaccarum) live above 6700 meters. 


ing Inca religious sites on Andes moun- 
tain summits came across mice naturally 
mummified by the dry cold. Researchers 
assumed the rodents had hitchhiked up 
with Inca people. But in 2013, two moun- 
taineers summiting Llullaillaco filmed a 
mouse darting across the snow. So, starting 
in 2020, Jay Storz, an evolutionary biologist 
at the University of Nebraska-Lincoln, re- 
cruited Guillermo D’Elia, a systematist and 
mammalogist at the Austral University of 
Chile, and other South American colleagues 
for five expeditions up 21 peaks in the Cen- 
tral Andes. They found more mummified 
remains and trapped almost 500 live mice— 
half of them the leaf-eared—representing 
18 species. For five species, the collected 
specimens established new elevation re- 
cords, the team reported 
on 23 August on bioRxiv. 

To confirm that the 
mice are _ high-altitude 
natives, Jeffrey Good, 
an evolutionary genomi- 
cist at the University of 
Montana, and colleagues 
sequenced genomes of P. 
vaccarum from different 
elevations. They found 
that the ones living above 
6000 meters are close 
kin, with genomes more 
similar to one another 
than to their lower rela- 
tives, the team reports. “It helps solidify that 
these mice were actually breeding and resid- 
ing at these altitudes,’ Ivy says. 

The team also found other evidence, in- 
cluding several burrows above 6000 meters. 
And radiocarbon dating of the naturally 
mummified mice showed they lived no 
more than 350 years ago—long after the In- 
cas stopped visiting the summit. 

Hoping to understand how the high- 
altitude animals thrive so far up, Storz and 
colleagues have recently established lab 
colonies in Chile of mice from Llullaillaco 
and other locations surveyed. In the mean- 
time, they are marveling at the unlikely new 
mountaintop habitats they have discovered. 
“Every new place we have a new mix of 
species,” Storz says. “It’s a little bit like the 
deepest depths of the ocean.” 
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SCIENCE & THE LAW 


In Kenya, rising lakes prompt 
novel climate change lawsuit 


Residents around Lake Baringo say the government has 
failed to address flooding caused by a warming climate 


By Carey Baraka 


he town of Kampi Ya Samaki was once 

a bustling fishing and tourism center 

on the shores of Lake Baringo, one of 

a chain of major lakes nestled in the 

Great Rift Valley of western Kenya. 

Today, however, much of the town is 
submerged, with only the tops of houses, ho- 
tels, churches, and schools still visible. Seven 
islands used to sit just offshore. But the rising 
waters mean now “there are six,” says Evans 
Limo, a local tour guide. 

Such flooding has become a common sight 
throughout the Rift Valley, where lakes have 
swelled over the past decade. Lake Baringo, 
for example, has doubled in area since 2010 
to about 26,000 hectares. Kenyan officials 
say the flooding has created “panic and anxi- 
ety” in lakeshore communities and affected 
nearly 400,000 people, with many forced to 
abandon their homes. In some communities, 
shifting shorelines have exposed residents to 
deadly attacks by crocodiles and hippos. 

Now, a novel lawsuit brought by people liv- 
ing around Lake Baringo has put a spotlight 
on the question of whether climate change is 
to blame for the rising lakes—and whether 
Kenya’s constitution and a landmark 2016 
climate law obligate government agencies 
to compensate flooding victims. The goal of 
the court challenge, which was scheduled to 
get a hearing this week, is to “enforce the cli- 
mate change duties of public officials,’ says 
Omondi Owino, the lead attorney represent- 
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ing the residents. The case, analysts say, is 
among the first in Africa to test a govern- 
ment’s responsibility for helping its citizens 
cope with the impacts of climate change. 

For years, residents and researchers were 
uncertain about the cause of the expanding 
lakes. Some believed the trend was tied to the 
complex geology and groundwater hydro- 
logy of the Great Rift Valley, a series of faults 
and ridges stretching 7000 kilometers from 
Lebanon across eastern Africa to Mozam- 
bique. Historically, they noted, the lakes have 
periodically shrunk and grown dramatically, 
to sizes even larger than seen today, perhaps 
because of crustal movements. 

Others believed climate change was to 
blame. Average temperatures in eastern Af- 
rica have climbed by about 1°C over the past 
50 years, and climate models have predicted 
that the region would become wetter as it 
warmed. But real-world data have compli- 
cated those predictions by showing that, al- 
though regional precipitation has ticked up 
in recent decades, droughts have also become 
more prevalent—a puzzle scientists have 
dubbed “the eastern Africa climate paradox.” 

To clarify the issues, in 2020 the Kenyan 
government commissioned a major inquiry 
into the causes and consequences of the 
flooding. Research teams visited the lakes 
and combed through data on land use, cli- 
mate, and hydrology. In a 2021 report they 
concluded that a number of factors were 
likely contributing to lake expansion, includ- 
ing land use changes that have accelerated 


Richard Lichan Lekuterer’s homestead, which on 
sat on the shore of Lake Baringo, is now submergeu. 


runoff and caused sediment to build up on 
lake bottoms. But, “The main reason for the 
rising water levels is climate change,” the 
authors wrote. The report noted that pre- 
cipitation had increased in upland areas, as 
the models predicted, especially in 2019, a 
particularly wet year. Rivers feeding the lakes 
had swelled, even as rainy, cooler weather 
reduced evaporation. “The inputs increased 
and the main output—which is evaporation— 
was reduced due to the cold spells and ex- 
tended rains,’ says geologist Lydia Olaka of 
the Technical University of Kenya. 

Mathew Herrnegger, a hydrologist of the 
University of Natural Resources and Life Sci- 
ences, Vienna, who was not involved the re- 
port, agrees with that analysis. Other studies, 
he notes, have concluded that “the Rift Valley 
lakes are very sensitive to changes in climate, 
which has led to complete desiccation but 
also high [water levels] in the past.” 

The 2021 report also suggested the govern- 
ment address the humanitarian crisis caused 
by the flooding, including by resettling dis- 
placed people and perhaps even buying sub- 
merged properties. But adequate help never 
materialized, alleges the lawsuit filed in 2022 
by 66 members of the Ilchamus and Tugen 
communities against the county government 
of Baringo and national agencies. 

That inaction, argue the residents and 
Kituo Cha Sheria, a Nairobi-based advocacy 
group, violates human rights provisions of 
Kenya’s constitution and the 2016 climate law, 
which was the first such measure adopted by 
an African nation. Among other things, that 
law empowers the government to “mobilize 
... public and other financial resources for 
climate change response.” The lawsuit alleges 
that government officials “failed, refused, or 
neglected” to “anticipate, prevent, or mini- 
mize” the impacts of climate change. 

Government lawyers have rejected that 
claim in recent filings at the Environment and 


Land Court in Iten. Even if climate change ~ 


is causing the flooding, they say the govern- 
ment is not responsible for paying damages 
because Kenya is not a major contributor to 
planetary warming. And the county govern- 
ment argues that it, too, is a victim of the 
flooding. It notes the rising lakes have swal- 
lowed numerous government facilities, such 
as police stations and schools, and reduced 
revenues from the tourism industry. 

As Science went to press, each side was 
preparing for a 24 October court hearing. 
The outcome of the case is hard to predict, 
observers say, and any decision might not 
come for many more months. & 


Carey Baraka is a journalist in Nairobi, Kenya. 
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SCIENCE & SOCIETY 


Attacks have left many research laboratories without staff or in ruins 


By Michele Chabin 


hock waves from the war between 
Israel and Hamas are rocking the sci- 
entific community in the region and 
around the world. 
In Israel, universities are mourn- 
ing scientists and others killed in 
the 7 October surprise attack by Hamas 
militants. Hamas, widely considered a ter- 
rorist organization, rules the Gaza Strip. 
Academic laboratories are emptying as for- 
eign graduate students return home and 
young academics report for military ser- 
vice. Some science continues, says Asher 
Cohen, president of the Hebrew University 
of Jerusalem, but “we cannot maintain full 
research facilities.” 


5 4 78 r 


Ivanova, European commissioner for in- 
novation, research, culture, education, and 
youth, said in an 18 October statement. 
Israel declared war on Hamas on 8 Octo- 
ber, soon after the group’s operatives mur- 
dered more than 1300 Israelis and foreign 
nationals, most of them civilians, and kid- 
napped 200 others. As Science went to press, 
the death toll in Gaza stood at more than 
6000, according to Palestinian officials. 
After Israel called up more than 300,000 
reservists, colleges and universities in Israel 
postponed the start of the fall semester until 
at least early November. Some have turned 
their dormitories into housing for reservists 
or shelters for Israelis displaced by the war. 
At Ben-Gurion University of the Negev, 
most of its 242 international postdoctoral 
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Missiles from Israel’s Iron Dome defense system intercept rockets launched from the Gaza Strip on 8 October. 


In the Gaza Strip, researchers say many 
of the Palestinian enclave’s few and already 
beleaguered scientific institutions have 
been damaged by Israeli air attacks, and 
scientists are struggling to find safe ha- 
vens. “The priority isn’t science—the prior- 
ity is staying alive,” says Marwan Awartani, 
president of the Palestine Academy for Sci- 
ence and Technology, which is based on the 
West Bank. 

Elsewhere, the war is forcing research 
funders to remake plans. Last week, for 
example, the European Commission an- 
nounced it would be giving all applicants 
an additional week or more to complete 
upcoming requests to several major grant 
programs. “We offer our support to those 
affected by the recent hostilities,” Diana 
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students have departed, often at the insis- 
tence of their home countries, President 
Daniel Chamovitz said. The university is 
located just 41 kilometers from the Gaza 
border and within reach of rockets fired 
by Hamas and its allies. At least 50 Ben- 
Gurion students, staff, and faculty were 
killed in the Hamas attack, university of- 
ficials say, including theoretical physi- 
cist Sergey Gredeskul and mathematician 
Viktoria Gredeskul, who were married. Oth- 
ers are being held hostage by Hamas. 

The large number of dead has forced 
Chamovitz to develop a mourning protocol 
for the university. It ensures that at least 
one member of the administration attends 
every funeral and every shiva—the 7 days of 
Jewish mourning. 


Several of Ben-Gurion’s research labs 
are still functioning, but at less than peak 
capacity, Chamovitz said. Postdocs in data 
science or who are writing journal articles 
continue to work, and the university has 
decided to continue to pay scholarships for 
the next month, in the hope that the situa- 
tion will stabilize. 

At Hebrew University, biomedical re- 
searcher Yuval Dor says five of the 20 mem- 
bers of his laboratory, which focuses on 
diabetes and disease detection, have left for 
military service. “Everybody’s distracted. ... 
Everyone knows people who were hurt or 
killed or kidnapped,” Dor says. “Experiments 
have pretty much come to a halt.” The lab 
was also starting a new company, but Dor 
fears potential investors will now shy away. 

Dor says he’s been heartened by the “doz- 
ens and dozens” of messages of support he’s 
received from colleagues abroad. Still, he 
says, “It is heartbreaking to shift from focus- 
ing on disease diagnosis to contemplating 
methods for identifying the DNA of victims.” 

At the Technion - Israel Institute of Tech- 
nology, some international students have in- 
sisted on staying despite warnings to leave, 
says President Uri Sivan. Their support “is 
inspiring,” he says. 

In Gaza, the situation is dire, says Awartani, 
a former education minister for the Palestin- 
ian Authority, which presides over the West 
Bank. Even before the current war, Israel’s 
blockade of Gaza made it extremely difficult 
for Palestinian researchers to receive funding 
or attend conferences overseas, and for for- 
eign researchers to work in Gaza’s universi- 
ties. Israel often blocked the importation of 
scientific equipment, citing security concerns. 

Now, much of Gaza’s limited scientific in- 
frastructure is in ruins, Awartani says. Two 
major institutions—the Islamic University of 
Gaza and Al-Azhar University—have suffered 
extensive damage from Israeli air strikes. “It 
is clear that many students and faculty are 
dead or wounded,’ Awartani says. 

“The long-term ramifications of this war 
on Gaza’s higher education system are in- 
calculable,” the Palestine Academy for Sci- 
ence and Technology said in a statement. 
“The psychological, intellectual, and cultural 
fabric necessary for a thriving academic com- 
munity has been torn asunder, and it will 
take years, if not generations, to mend.” 


Michele Chabin is a journalist in Israel. 
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Israel-Hamas war shakes scientific community _ 


Plants bred or engineered to be short can stand up better 


to windstorms. They could also boost yields and benefit 


‘ ony Heath var 


n10 August 2020, a record-breaking 
windstorm raced across Iowa, the 
big buckle of the U.S. Corn Belt. 
Gusts up to 225 kilometers per 
hour flattened fields and build- 
ings, with losses totaling an esti- 
mated $12 billion across several 
states. “It was devastating,” says 
Kelly Gillespie, a crop physio- 
logist with Bayer Crop Science, who recalls 
driving by ruined houses and wrecked silos. 
About 16% of Iowa’s corn and soybean crops 
were damaged or destroyed. “Corn snapped 
and broken for as far you could see.” 

In the midst of the destruction, though, 
Gillespie saw glimmers of hope. When she 
and other researchers visited fields of ex- 
perimental corn plants developed by Bayer, 
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they saw that most of the plants had re- 
sisted the force of the storm and remained 
standing. The source of their strength? 
They were shorter. 

To an interstate traveler—or anyone lost 
in a corn maze—the most impressive fea- 
ture of corn is its stature. Modern corn can 
grow twice as tall as a person, but height 
has drawbacks, making the plants vulner- 
able to wind and more difficult for farmers 
to tend. Plant scientists think corn can be 
improved by making it shorter, and lead- 
ing seed companies are doing that through 
both conventional breeding and genetic 
engineering. Bayer has launched a short 
variety in Mexico, another company is sell- 
ing its versions in the United States, and 
more are getting involved. 


Researchers say short corn could be a 
boon for farmers. “This is an idea long over- ~ 
due,” says Rex Bernardo, a corn breeder and 
geneticist at the University of Minnesota. 
“Tm quite excited.” In addition to bolstering 
wind resistance, the short stature will allow 
farmers to drive tractors into their fields 
longer into the summer to add late-season 
fertilizer or fungicides to boost the harvest. 
And according to Stine Seed, a company 
that has pioneered short corn, the new crop 
can increase yield even further because it 
can be planted more densely. 

Bayer is now wrapping up its final round 
of U.S. trials, which took place this sum- 
mer across 12,000 hectares in Iowa and 
three nearby states. The company plans to 
start selling seed to U.S. farmers next year, 
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and at least one other large seed company, 
Corteva Agriscience, will soon follow suit 
with its own varieties. Bayer’s corn was 
conventionally bred with the Midwest 
Corn Belt in mind, but the company has 
recently developed a transgenic version it 
can quickly and efficiently tailor to other 
regions. In June, it was approved by the 
U.S. Department of Agriculture (USDA), a 
key regulatory step. 

The new corn varieties join a long tra- 
dition of improving crops by shrinking 
them. In the 1950s and ’60s, plant breed- 
ers created semi-dwarf varieties of rice and 
wheat, allowing plants to bear more grain 
without collapsing. These high-yielding va- 
rieties were key to the Green Revolution, 
and they prevented famines in developing 
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Farmers can drive a tractor through fields 
of corn bred to be shorter, allowing them 
to add fertilizer later in the year. 


world. Now that researchers have pieced 
together the complex interplay of genes 
and hormones that control corn growth, 
the time may be ripe for corn, too, to go 
big by getting shorter. 


CORN (ZEA MAYS) was a much different plant 
when it was domesticated in southern Mex- 
ico some 9000 years ago. Compared with 
modern corn, its closest living relative, a 
lanky wild grass called teosinte, looks dishev- 
eled, with multiple stalks and tassels that 
mature into many small cobs with just two 
rows of seeds. In what would be a nightmare 
for farmers, teosinte’s seeds fall off, rather 
than clinging to the cob for easy harvest. 
Some of the oldest corn cobs uncovered by 
archaeologists are also tiny and fragile. But 
after millennia of selective breeding—first 
by Indigenous farmers, and later in universi- 
ties and multinational companies—corn has 
become one of the world’s dominant food 
crops. In the United States, it brings in about 
one-third of income from all crops, earning 
farmers $89 billion in 2022. 

With success came stature. Over the past 
half-century, as breeders selected for larger 
ears with more numerous and plumper, 
heavier kernels, they ended up choosing 
big plants with many leaves for photosyn- 
thesis and tall stalks. Modern corn plants 
can grow up to 4 meters high, although the 
dominant starchy varieties in the U.S.— 
88% is used for livestock and ethanol— 
range between 2.5 and 3.5 meters. 

Tall plants have an inherent weakness, 
however. The weight of the ears, usually 
more than halfway up the stalk, makes the 
plant vulnerable to snapping or tipping 
over in strong winds. Making corn shorter 
isn’t the only remedy, notes Tony Vyn, an 
agronomist at Purdue University. Breeders 
have also selected for stiffer stalks, as well 
as for resistance to stalk rot, which made 
earlier corn varieties more prone to snap 
under the weight of their grain or blow 
over in windstorms. 

Even so, between 2001 and 2016, about 
800,000 hectares of corn fields were dam- 
aged by high winds, according to U.S. gov- 
ernment crop insurance claims. That’s not 
much compared with the 38 million hect- 
ares damaged by drought during the same 
period, but enough that companies see it 
as a selling point for short corn. 

Bayer has used conventional breeding 
to create three short hybrid varieties that 
were tested for the U.S. market this sum- 
mer and are now being harvested by about 
300 farmers. Field trials demonstrated bet- 


ter wind resistance compared with tall corn, 
Gillespie says. “Seeing the standing corn 
for the first time just gave me goosebumps.” 
The 2020 windstorm provided an even 
more strenuous test. Afterward, Gillespie 
and colleagues analyzed 14 experimental 
fields that were hit by heavy winds; on av- 
erage 25% of short corn was damaged com- 
pared with 50% of tall corn, they reported 
in Crop Science in August 2022. 

Corteva, which owns the famous seed 
company Pioneer Hi-Bred International, is 
aiming for similar results with its conven- 
tionally bred short corn, which it hopes will 
be ready for market in a few years. Corteva 
researchers test the strength of new hybrids 
by exposing them to gusts of up to 160 kilo- 
meters per hour from a wind machine. 

Breeding shortness into an existing vari- 
ety of corn typically takes 5 years or more. 
To shortcut this process, Bayer has turned 
to genetic engineering. Speed is important 
because Bayer sells about 200 varieties of 
hybrid corn tailored to various conditions, 
such as climate and disease threats. Cre- 
ating short versions of all those varieties 
through conventional breeding, and mak- 
ing enough hybrid seed to sell, would be 
prohibitively time consuming. 

Bayer’s genetic engineers have focused on 
a plant growth hormone called gibberellin. 
At first the approach looked unpromising. 
Decades ago researchers knocked out the 
genes that control early steps in gibberellin 
synthesis, but the result was plants that had 
deformed flowers and abnormal ears. Since 
then, scientists have adapted an approach 
previously used to engineer shorter versions 
of tomato, apple, banana, and other crops. 
They figured out how to suppress corn genes 
that code for enzymes known as gibberellin 
20 oxidases, which put the biochemical fin- 
ishing touches on the hormone in particular 
parts of the plant. This way, the levels of gib- 
berellin can be lowered in the stalks, but not 
the flowers, stunting the plants’ growth with- 
out undermining their productivity. 

Initial attempts resulted in corn plants 
that were far too short to be commercially 
viable. But after considerable tinkering, 
Gillespie and her colleagues solved the 
problem in collaboration with the com- 
pany BASF. They added DNA that encodes 
microRNAs, small molecules that can sup- 
press genes. In this case the targets were 
two genes that regulate the creation of 
gibberellin mainly in the leaves and stalk, 
resulting in plants that were one-third 
shorter. To avoid shrinking the leaves as 
well, the researchers delivered the mutant 
alleles with a genetic switch from a rice vi- 
rus that is most active in the stalk. 

Field studies in 2019 and 2020 at two lo- 
cations in Illinois confirmed the manipula- 
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tion did not affect the ears; they weighed 
the same as those from typical tall varieties, 
Gillespie and colleagues reported in March 
2022 in the Plant Biotechnology Journal. 
This successful change in stature by inter- 
fering with gibberellin was “the first of its 
kind in corn,” says Guri Johal, a corn geneti- 
cist at Purdue who has discovered a muta- 
tion, called D16, with a similar effect. 

Some of the time saved with transgenic 
corn is lost because of stricter regulatory 
requirements. Companies must provide 


IN SINALOA, MEXICO, where luxuriant corn 
fields carpet the plains between the Sierra 
Madre mountains and the Gulf of Califor- 
nia, short corn is already having an impact. 
The farms are some of the most produc- 
tive in Mexico but have long suffered 
from large, persistent windstorms called 
derechos. In 2007, Bayer began to breed a 
short corn for the region’s farmers by se- 
lecting varieties with a mutation that lim- 
its transport of another growth hormone, 
auxin, in the stalk. The resulting plants are 


The advantages of being short 


Short corn can be planted more densely, increasing yields per hectare (aerial view, top), although 
the trade-off is greater risk from dry weather. Short plants also resist strong winds better. Regardless of density, 
short plants enable farmers to apply fertilizer or fungicide in late summer by tractor rather than by plane 


(bottom), potentially reducing environmental impacts. 


Higher crop density 


Late season spraying by trator 


Short corn 


field and laboratory data to USDA, which 
assesses whether genetically modified 
crops pose a threat to agriculture, and 
they consult with the U.S. Food and Drug 
Administration for checks on food safety. 
Because Bayer’s version will be paired with 
a transgenic trait for pest resistance (Cor- 
teva’s likely will, too), the Environmental 
Protection Agency will have to evaluate it 
as well. The reviews can take years. 

To speed up the process, Bayer and other 
companies are working on short corn 
made with gene editing, an approach that 
can alter gibberellin without adding genes 
from other species. Corn varieties created 
this way will face fewer regulatory hurdles 
in the U.S. and some other countries, but 
they’re still years away. 
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Lower crop density 


Late season application by plane 


Tall corn 


about one-third shorter than normal, and 
less likely to fall over or snap in a derecho. 
(This variety, which went on the market in 
2020 as VITALA, isn’t suitable for use in 
the United States because it is tailored to 
the soil and climate in Sinaloa, as well as 
the day length at that latitude.) 

At a February agricultural trade show 
in Culiacan, Sinaloa’s capital, Bayer high- 
lighted its short corn in large party tents 
surrounded by corn plants. Salesmen in 
black jeans and white company shirts 
pitched VITALA as a package, combined 
with agronomic advice and digital maps 
based on satellite imagery and data 
streams from the farmers’ high-tech trac- 
tors and combines. The combination of 
technology and improved seed can push 


yields to 16 tons of corn per hectare, Bayer 
says, compared with the 12 tons typical for 
Sinaloa. Bayer expects about 6000 hect- 
ares of VITALA short corn to be planted in 
Sinaloa next year. 

Whether conventionally bred or ge- 
netically engineered, short corn has other 
advantages, says Fred Below, a crop physio- 
logist at the University of Illinois Urbana- 
Champaign, who has received funding from 
Bayer to study its new hybrids. Because the 
plant puts fewer resources into its stalk, it 
can divert more into roots—though Vyn 
notes that the extent to which this actually 
happens hasn’t been fully studied. A more 
developed root system would help plants 
better tolerate drought and extract fertil- 
izer from the soil. 

In US. field trials, the short corn bene- 
fited from nitrogen applied later in the sea- 
son when it would be harder to add to tall 
corn, Vyn, Below and colleagues reported 
in Field Crops Research in May. That could 
have environmental benefits. USDA scien- 
tists have reported that water quality near 
farm fields can improve 15% to 20% when 
some of the fertilizer is applied later in the 
season. That’s when corn plants are enlarg- 
ing their kernels and need it most, reducing 
the excess that can leach into groundwater 
or run off into streams. Excess nitrogen pol- 
lutes groundwater and causes algal blooms 
in lakes—even as far away from the Corn 
Belt as the Gulf of Mexico. Making better 
use of nitrogen fertilizer may turn out to 
be the biggest benefit of short corn, says 
Kendall Lamkey, a corn breeder at Iowa 
State University. 

Additional environmental benefits could 
accrue if short stature allows farmers to 
spray fungicides on mature corn plants 
from tractors rather than airplanes, which 
can lead to greater drift away from the 
fields, potentially exposing people and 
wildlife. Although downsides may yet ma- 
terialize, Below says he’s optimistic about 
the potential: “’m convinced it’s going to 
be more advantages than disadvantages.” 


FOR U.S. FARMERS, the prospect of greater 
yield may be the biggest lure. Stine Seed, 
based in Iowa, already sells short corn in the 
United States. Its varieties are not planted 
on a large scale, in part because Stine is a 
relatively small producer of corn seed. But 
Stine says its hybrids can exceed the yield of 
tall corn by up to 10% in optimal conditions. 

Founder Harry Stine grew up on a small 
Iowa farm and started breeding corn and 
soybeans in the 1970s. Larger companies 
like Monsanto licensed the improvements 
he made in soybeans, making Harry Stine 
a fortune; now in his early 80s, he is Iowa’s 
only billionaire. 
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Short but sturdier Ve arge 


setassel 


Tweaking growth hormones through breeding or genetic engineering can “a 
create shorter corn plants by reducing the length of stalk segments 
between leaves. The plants are sturdier because the ears grow closer to the 
ground, lowering the center of gravity. The plants also tolerate tight 
spacing, thanks to more upright leaves. A smaller tassel allows 
more light to reach the leaves. 
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Short distance 
between leaves 


Low ear 


t—— Long distance 
between leaves 


— Thinner stalk 


Tall corn 


Short corn 


Severe windstorms wreak havoc on fields of tall corn, like this one in lowa laid low by a derecho in 2020. 
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In the company’s early days, how- 
ever, Stine had far less to spend on 

R&D than the big seed companies. That 
cost-cutting led to an unintended break- 
through with corn. The standard practice 
with breeding trials was to plant corn 
densely, then thin the plots to give plants 
room to grow. Stine didn’t have the labor 
to do this weeding, so he let all the plants 
live, then selected the corn from the plots 
that performed the best. 

Over the years, this led to hybrids that 
were about one-third shorter than con- 
ventional corn. Their leaves are angled 
upward more, and the tassels are smaller, 
letting more light reach the lower leaves. 
Crucially, this means more plants can be 
grown per hectare, potentially increasing 
the overall harvest. “I think Harry’s onto 
something,” Lamkey says. 

On his family farm in north-central Il- 
linois, Darron Judd has been growing 
Stine’s short corn for several years. To get 
the recommended density in his fields, he 
had to modify his tractor to plant seeds in 
rows 38 centimeters apart rather than the 
standard 76 centimeters. The change was 
costly, but Judd likes the sturdiness of the 
short corn. “It just stands great.” He aims 
for 18 tons per hectare. The Illinois aver- 
age is 13 tons. 

Yet Stine Seed President Myron Stine 
says several factors have made it hard to 
win new customers for short corn. For ex- 
ample, farmers like to compare new vari- 
eties to what they’re used to growing, he 
says. If they do this by alternating rows of 
short and tall corn, the shorter hybrid will 
not perform as well because it’s shaded by 
the taller corn. Lamkey says another rea- 
son many farmers have been reluctant to 
plant corn more densely is that it forces 
them to bet on the weather: in a dry year, 
plants packed into a rain-fed field can lit- 
erally run out of water. And Seth Murray, a 
corn geneticist and breeder at Texas A&M 
University, notes that farmers have to buy 
more seed to plant densely—offsetting 
some of the profit from higher yield. 

For Bayer and Corteva, those hurdles 
may prove less daunting. Those two com- 
panies account for 70% of the U.S. corn 
seed market, and they have more resources 
to promote proper planting of short corn. 

In Iowa, at least, they expect to find 
receptive ground. Farmers there have 
become “hyperfocused” on the risk of 
derechos, Lamkey says. Those who turn to 
short corn to reduce the risk of loss may 
reap other benefits, in yield and environ- 
mental protection. 

Decades after wheat and rice were trans- 
formed in the Green Revolution, corn is 
getting its turn. & 
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Menopause in chimpanzees 


Signs of menopause in wild chimpanzees provide insights into human evolution 


By Michael Cant 


umans are one of only a handful of 
mammals in which females cease 
reproducing long before they die. 
Explaining how menopause evolved 
is a challenge because it is not ob- 
vious why selection should favor 
genes that extend life span past the end 
of reproduction. It is also unclear why 
menopause should have evolved in certain 
toothed whales and in humans but not 
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other primates. On page 416 of this issue, 
Wood et al. (1) report that female chim- 
panzees (Pan troglodytes) living in a rela- 
tively undisturbed population in Uganda 
show physiological signs of menopause 
and survive long past the end of reproduc- 
tion. This observation means that the role 
of grandmothers in the evolution of meno- 
pause may need to be reconsidered. 
Studies of long-lived animals have re- 
vealed substantial differences in behavior 
between different breeding populations. 


For example, some killer whale (Orca or- 
cinus) populations feed exclusively on fish, 
whereas other populations prey mainly on 
mammals. Chimpanzees in some popula- 
tions use stone tools to crack nuts, and 
those in other populations use wooden 
tools for the same purpose. This interpop- 
ulation variation provides the raw mate- 
rial to test theories about how these dif- 
ferences evolve. However, measuring the 
pattern of survival and reproduction of 
long-lived animals takes decades of work, 
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Female chimpanzees (Pan troglodytes) from the 
Ngogo community in Uganda can live for decades 
after losing the ability to reproduce. 


so information about a species’ life history 
is usually based on one or (at most) very 
few populations. New data from less well- 
known populations have the power to up- 
end assumptions about the life history of 
even the most familiar species. 

Women living in natural fertility popu- 
lations (populations without access to 
modern medicine or technology) often live 
many years of active life after the loss of 
reproductive ability, even in the harshest 
ecological conditions. Among the Hadza 
hunter-gatherers of northern Tanzania, for 
example, women have their last baby at an 
average of 41 years of age, but women who 
reach this age can expect to live into their 
late 60s (2). Thus far, a comparable period 
of postreproductive life has been observed 
in only five other mammals in the wild— 
killer whales, short-finned pilot whales 
(Globicephala macrorhynchus), narwhals 
(Monodon monocerus), beluga whales 
(Delphinapterus leucas), and false killer 
whales (Pseudorcus crassidens) (3). 

The main explanation for how these 
exceptionally long postreproductive life 
spans evolved is based on the theory of kin 
selection, which is the idea that organisms 
can propagate copies of their genes not 
just by reproducing themselves but also 
by helping their genetic kin to reproduce 
(4, 5). Older females could evolve to cease 
breeding before the end of life if by doing 
so they could increase their children’s re- 
productive success (or “fitness”). For exam- 
ple, by entering a postreproductive state, 
older females could free up food and other 
resources that are required for reproduc- 
tion (6) or care for their grandchildren di- 
rectly (7). Studies of killer whales and some 
human populations have found evidence 
for both types of fitness benefit (8). 

Kin selection has also been used to ex- 
plain why chimpanzees do not experience 
menopause. Fertility in female chimpanzees 
ends around 50 years of age, but in the best- 
studied wild populations, females rarely 
reach this age (9). This lack of a postrepro- 
ductive life span fits the kin selection theory 
because unlike humans and killer whales, 
older chimpanzee females are not hard- 
working grandmothers. Moreover, because 
young female chimpanzees disperse from 
their natal community at adolescence while 
the males remain at home, there are usually 
no breeding daughters around for chimpan- 
zee grandmothers to help. Grandmothers 
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could help their sons to reproduce, but they 
do not appear to. 

The work of Wood e¢ al. challenges the 
kin selection argument. They report that 
unlike other chimpanzee populations, fe- 
male chimpanzees in the Ngogo community 
of Uganda’s Kibale National Park frequently 
survive long past the age of reproduction. 
Females rarely gave birth after the age of 
45 years but often survived into their 50s or 
60s. The transition to this postreproductive 
state was marked by increasing urine levels 
of follicle-stimulating hormone and lutein- 
izing hormone and decreasing urine levels 
of estrogens and progestins—the same en- 
docrinological changes that are associated 
with human menopause. 

Wood et al. calculated a metric called 
postreproductive representation (Prk), 
which is the average proportion of the 
adult life span that is spent in a postrepro- 
ductive state. For most mammals, includ- 
ing other chimpanzee populations, PrR is 
close to zero (0.001 to 0.04) (7, 3). But in 
the Ngogo population, Wood ez al. found 
a PrR of 0.2, meaning that females on 
average live 20% of their adult years in a 
postreproductive state. This value is close 
to that observed in humans (0.3 to 0.47) 
and some species of whales (0.24 to 0.4). 

Wood et al. consider two possible expla- 
nations for their findings. Chimpanzees and 
other mammals can have extended postre- 
productive life spans in captivity where 
they are protected from natural predators 
and pathogens (J0). Therefore, if the Ngogo 
chimpanzees are similarly protected, they 
might also live artificially long lives. For 
example, predation by leopards or compe- 
tition from other chimpanzee groups may 
have been more intense in the past (7). In 
this case, the high PrR value in the Ngogo 
females would reflect the relative inflex- 
ibility of the fertility schedule to changes 
in ecological conditions compared with 
life span. Such inflexibility is observed in 
humans, in which the average age at meno- 
pause has remained relatively stable (at 
around 50 years) for more than a century 
(11), despite major improvements in nutri- 
tion, health care, and expected life span. 

Alternatively, the Ngogo chimpanzees 
might be living in conditions that are more 
representative of their evolutionary past 
compared with other populations. The 
Ngogo population is relatively remote and 
undisturbed by human activities, such as 
logging and hunting. Ngogo chimpanzees 
are also less exposed to potentially devastat- 
ing human diseases than other chimpanzee 
populations. Wood e¢ al. argue that previous 
research may have underestimated the life 
span of wild chimpanzees before the start 
of modern human influence. 


If chimpanzees evolved to undergo meno- 
pause, theories to explain it may need to 
focus on the similarities between ape and 
toothed-whale societies. One of the conse- 
quences of the female-biased dispersal pat- 
tern in chimpanzees is that adult females 
become more closely related to others in 
their group as they get older. The same is 
true in killer whales and short-finned pi- 
lot whales, in which neither sex disperses 
but mating occurs between groups (12). 
Female-biased dispersal might also have 
been common in ancestral human popula- 
tions, although this is still debated. Given 
this pattern of kinship dynamics (72), theo- 
retical models predict that older females 
may evolve to cease reproduction to avoid 
competition with younger females. This 
type of fitness benefit has been detected in 
killer whales (73) and in some human pop- 
ulations (14) but not in others (2). Wood 
et al. suggest that selection to avoid repro- 
ductive competition between generations 
may also have shaped the fertility schedule 
of chimpanzees. 

Older postreproductive chimpanzees 
might also provide fitness benefits to 
their local group through their experience 
and knowledge. In killer whales, postre- 
productive females lead the group in 
search of food, particularly when prey is - 
scarce (15). Could older female chimpan- 
zees confer similar benefits on others in 
their group? Further study of the postre- 
productive Ngogo females would help an- 
swer this question. 

The study of Wood e¢ al. both illuminates 
and raises questions about the evolution of 
menopause. It also highlights the power of 
difficult long-term field studies—often run 
on small budgets and at constant risk of . 
closure—to transform fundamental under- ° 
standing of human biology and behavior. 
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Genome editing with retroelements 


RNA-guided DNA writing enzymes offer promise for programmable gene insertion 


By Stephen Tang and Samuel H. Sternberg 


enome editing methods generally in- 
volve two critical steps: targeting a 
DNA sequence of interest and intro- 
ducing the desired genetic modifica- 
tion. Capabilities for programmable 
DNA targeting have advanced rapidly 
over the past decade, owing primarily to the 
retooling of bacterial RNA-guided CRISPR- 
Cas systems. However, efficient and precise 
modification of the target site remains chal- 
lenging, particularly for large-scale pertur- 
bations such as the insertion of gene-sized 
DNA payloads. To address this limitation, 
an emerging body of research is now draw- 
ing inspiration from mobile genetic elements 
(MGEs), DNA segments that have exploited 
diverse targeting and integration strategies 
to propagate in the genomes of their hosts 
for billions of years. Of particular interest 
are retroelements, which mobilize using an 
RNA intermediate. Recent investigations into 
the structure and function of retroelement- 
encoded protein-RNA complexes have re- 
solved key molecular details of their targeting 
and integration mechanisms (J, 2), unveiling 
exciting opportunities to reengineer them for 
programmable DNA insertion. 

MGEs are present in all organisms and 
encode enzymes that facilitate the move- 
ment of their own DNA within and between 
genomes. Two major categories of MGEs— 
DNA transposons and retroelements—can 
be distinguished by their spreading mecha- 
nisms. DNA transposons typically encode 
transposase enzymes that mobilize DNA by 
excising sequences from their original loca- 
tion and integrating them into a target locus 
(“cut-and-paste”). By contrast, retroelements 
rely on the host cell’s RNA polymerase to gen- 
erate an RNA copy of the element, which in 
turn serves as a template for complementary 
DNA (cDNA) synthesis by a retroelement- 
encoded reverse transcriptase (RT). This 
cDNA product is then incorporated into the 
genome through a range of mechanisms, 
creating a new copy of the original DNA seg- 
ment (“copy-and-paste”). 

MGEs are natural candidates for genome 
editing applications. Their ubiquitous pres- 
ence reflects a fine-tuned capacity for safe and 
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efficient DNA integration into host genomes. 
However, MGEs generally exhibit either ran- 
dom or fixed specificity for integration sites, 
which limits their utility for programmable 
DNA insertion. This contrasts with CRISPR- 
based genome editing, in which the Cas9 
nuclease can be directed by a user-defined 
guide RNA (gRNA) to target almost any DNA 
sequence of interest. But, in conventional ge- 
nome editing with Cas9, DNA targeting and 
editing constitute separate processes: Cas9 
recognizes and cleaves the target sequence to 
generate a DNA double-strand break (DSB), 
activating cellular DNA repair pathways that 
incorporate permanent sequence edits. This 
process introduces substantial heterogeneity 
and can lead to unwanted by-products, such 
as large chromosomal deletions and translo- 
cations, resulting in safety concerns around 
DSB-generating genome editing methods (3). 
CRISPR-Cas systems and MGEs thus exhibit 
complementary strengths and weaknesses 
with regard to target site specificity and 
genotoxicity. The ideal genome engineering 
tool would merge their capabilities, directly 
coupling programmable DNA targeting with 
DSB-free modification of the target locus. 
Indeed, approaches that combine CRISPR- 
mediated DNA targeting with transposase- 
mediated DNA insertion have emerged in the 
past 5 years (4—6). These methods use various 
strategies to recruit transposase enzymes to 
gRNA-specified target sites, where they cata- 
lyze the integration of a donor DNA molecule 
supplied on a plasmid. Targeted DNA inser- 
tion with CRISPR-associated transposases 
(CASTs) represents a promising area of inves- 
tigation, with demonstrated success for DNA 
cargoes up to 15 kilobases (6). Analogous 
retroelement-mediated approaches, which 
could encode the donor molecule on RNA 
rather than DNA, might offer additional ad- 
vantages for clinical applications. Whereas 
DNA cargoes for genome editing are of- 
ten delivered to target tissues by adeno- 
associated viruses (AAVs) or other vectors, 
RNA cargoes can be delivered by encapsula- 
tion in lipid nanoparticles. Lipid nanopar- 
ticles are less immunogenic than AAVs, and 
they present less risk for off-target editing 
owing to the transient nature of their RNA 
cargoes (7), which are degraded by the recipi- 
ent cell. Thus, retroelement-based genome 
editing tools, which do not require any DNA 
components and can be packaged in lipid 
nanoparticles, offer a distinct safety advan- 


tage over tools that require an exogenously 
provided DNA donor molecule. 

Retroelements have been a part of the 
genome engineering toolkit for over two de- 
cades, though until recently they have dem- 
onstrated limited utility for targeted DNA 
insertion. For example, targetrons are modi- 
fied bacterial group II introns that home to 
user-specified DNA sequences through base- 
pairing interactions with the intron RNA, 
which catalyzes reverse splicing into the tar- 
get site (8). Although targetrons have been 
used for targeted gene disruption, poor toler- 
ance of synthetic cargoes has hindered efforts 
to engineer them for transgene insertion. 
Retrons, a more recent addition to the toolkit, 
are bacterial retroelements that have been 
engineered to produce donor DNAs from 
RNA templates for homology-directed repair 
of CRISPR-Cas9 cleavage sites (9). However, 
retron-mediated approaches have only been 
applied to small-scale edits, and their reli- 
ance on the generation of a DSB poses safety 
risks for clinical gene editing. Targetrons and 
retrons have thus demonstrated the promise 
of harnessing retroelements for biotechnol- 
ogy, but they fall short of the ultimate capa- 
bility for a retroelement-mediated genome 
editing tool: to directly write any new DNA 
sequence into any genomic target site. 

The development of prime editing rep- 
resents the most important breakthrough 
to date toward achieving this capabil- 
ity. In prime editing, a nickase variant of 
Cas9 (nCasQ9) is directed by a prime editing 
guide RNA (pegRNA) to cleave a single DNA 
strand at the genomic target site, exposing 
a free DNA end from which an RT enzyme 
polymerizes a new DNA sequence using the 


pegRNA as a template. Cellular repair factors ~ 


incorporate the new DNA strand into the ge- 
nomic target site, resulting in permanent in- 
tegration of the pegRNA-specified sequence 
(10). Prime editing avoids the generation of 
DSBs and can install all types of point muta- 
tions, small insertions, and small deletions. 
Nonetheless, editing efficiencies remain low 
for many applications, and the template size 
that can be accommodated is limited to ~40 
base pairs or less. Recent advances have ad- 
dressed this size limitation by employing 
multiple pegRNAs or combining prime ed- 
iting with site-specific recombinases (17)— 
another class of enzymes used by MGEs to 
perform DNA integration—but at the cost of 
adding complexity and reaction steps to the 
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A path to retroelement-based programmable gene insertion 
Genome editing tools commonly use Cas9 directed by a guide RNA to recognize the target site (1) but employ distinct strategies for the DNA editing step. In conventional 
nuclease-mediated editing (2), a DNA double-strand break is made by Cas9 and repaired by nonhomologous end joining (NHEJ) or homology-directed repair (HDR). 

In prime editing (3), nickase Cas9 (nCas9) generates a free DNA end from which a reverse transcriptase (RT) writes a new RNA-templated DNA sequence. Further exploration 
of retroelements could enable RNA-templated integration of larger DNA payloads (4). 
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overall editing pathway. 

Notably, the mechanism of DNA writing 
utilized by prime editors, known as target- 
primed reverse transcription (TPRT), is the 
same mechanism used to mobilize entire 
genes by a family of retroelements that is 
widespread in nature (12). Harnessing these 
elements, known as non-long terminal re- 
peat (LTR) retrotransposons, has the poten- 
tial to substantially advance gene insertion 
technology. But doing so will require a de- 
tailed understanding of their native mobility 
mechanisms, including how they select their 
respective RNA substrates and genomic tar- 
gets and how they write their cargoes into 
target sites. Fortunately, the mobilization of 
non-LTR retrotransposons is relatively well 
studied owing to their pervasiveness—for ex- 
ample, the long interspersed nuclear element 
1 (LINE-1) retrotransposon makes up nearly 
20% of the human genome (13). Intriguingly, 
whereas LINE-1 undergoes largely untargeted 
mobilization, the R2 non-LTR retrotranspo- 
son, which is abundant in arthropods, ex- 
hibits stringent target site preference for the 
28S ribosomal RNA locus (7/4). But how the 
R2 protein assembles with R2 RNA to initiate 
TPRT at this site, and whether R2 can per- 
form TPRT with a synthetic RNA template, 
was unclear until earlier this year. 

Two recent studies used cryo-electron mi- 
croscopy to determine the three-dimensional 
structure of the R2 RT from Bombyx mori 
(domestic silk moth) bound to R2 RNA and 
the 28S DNA target (/, 2). This revealed spe- 
cific molecular interactions in the RT-RNA- 
DNA complex, indicating that the retrotrans- 
poson selects its RNA template and DNA 
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target through sequence-dependent recog- 
nition by the R2 protein. These structural 
details were used to engineer a synthetic R2 
RNA that included the minimal recognition 
sequence and a “cargo” RNA appendage. The 
R2 RT recognized this engineered substrate 
and could be redirected by Cas9 to incorpo- 
rate the cargo at non-28S target sequences in 
biochemical reactions (1). 

A strong foundation has been laid for le- 
veraging retroelements as targeted gene in- 
sertion tools. However, important gaps in 
knowledge remain. For example, genomic 
integration of cDNAs generated by the R2 
RT requires the synthesis of a second cDNA 
strand (14), but the mechanistic details of this 
process are unclear. Additional studies aimed 
at resolving the molecular requirements for 
the final steps of R2 retrotransposition will 
be crucial for engineering R2 to perform 
transgene insertion in cells. Furthermore, 
systematic approaches for profiling the ac- 
curacy of TPRT have not been reported. The 
development of such methods will be critical 
for evaluating the safety of retroelement- 
mediated genome editing strategies. 

A vast repertoire of retroelements exists in 
nature, yet only a few have been investigated 
for their genome editing potential. Certain 
RT enzymes with as-yet-unknown properties 
might be inherently well-suited for genome 
editing tasks. Systematic mining of retroele- 
ment diversity through bioinformatic analy- 
ses and pooled screening will be invaluable 
for the identification of RT enzymes with 
desirable characteristics (see the figure). This 
strategy is already bearing fruit for the de- 
velopment of compact prime editors (75). It 


Structural and functional 


Target-primed reverse transcription 


is also worth noting that retroelements have 
already played an outsized role in shaping 
the human genome, roughly half of which 
is derived from MGEs (13). Thus, in develop- 
ing retroelement-based DNA editing tools, 
humans are repurposing nature’s original ge- 
nome engineers. 
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Encoding identity in the marmoset 


Hippocampal cells integrate multisensory input to represent the identity of others 


By Sylvia Wirth 


umans identify other individuals us- 

ing traits including their face, voice, 

or gait. By combining these percep- 

tual cues with semantic information, 

such as the person’s name and memo- 

ries of previous encounters with that 
person, humans form a conceptual repre- 
sentation of the other’s identity. Neurons in 
the hippocampus—a brain region involved 
in memory—can bind this multimodal in- 
formation into a distinct conceptual repre- 
sentation of another’s identity by responding 
equally to different views of a person’s face 
and reading or hearing their name (J). On 
page 417 of this issue, Tyree et al. (2) report 
that such multisensory integration is not spe- 
cific to humans. In the marmoset (Callithrix 
jacchus), they identified single neurons and 
distributed population-based codes that rep- 
resented the identity of another marmoset 
upon viewing their face or hearing their vo- 
calization. By revealing similarities and dif- 
ferences across species, the findings prompt 
questions about the universality of hippo- 
campal computational principles. 

Primates, including humans, have special- 
ized cortical networks that are dedicated to 
processing facial features. However, indi- 
viduals with prosopagnosia, a neurological 
condition that impairs face recognition, can 
identify familiar individuals on the basis 
of their voice or clothing (3). This suggests 
that the brain integrates various sensory 
elements across the anatomically localized 
systems that primarily process unimodal fea- 
tures. How does the brain accomplish such 
a meta-representation? Previous work estab- 
lished that the hippocampus fosters binding 
of multimodal information in humans (4). 

A hallmark of information binding are 
concept cells, which respond to different 
pictures of the same person (for example, 
front or profile views of the person in differ- 
ent clothing and with a different facial ex- 
pression) and to their spoken name, thereby 
encoding the concept of their identity rather 
than the individual perceptual features (1). 
However, although the hippocampus is an 
evolutionarily conserved structure, only uni- 
modal representation of others (as in, sepa- 
rate populations of cells responding to either 
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faces or voices of other individuals) had been 
described in nonhuman animals (5). This has 
hindered investigation of whether common 
neuronal mechanisms underlie the recogni- 
tion of identity across species, which is im- 
portant given the use of animal models in 
clinical research. 

Tyree et al. found cells in the marmoset 
hippocampus that respond to the face and the 
vocalizations of familiar marmoset individu- 
als, much as human concept cells respond 
to the face and the name of other humans. 
The presence of these cells in the marmoset, 


ring elements across different spaces (7) and 
form an abstract map of the relative value 
between different rewards (8). This rein- 
forces the view that the hippocampus builds 
higher-level representations of elements that 
make up the animal’s environment. Whether 
the concept-like cells in the marmoset could 
reach a semantic level of acoustic commu- 
nication is an intriguing question because 
some primate species have adapted existing 
calls to signal the presence of categorically 
related (air or ground) but previously unseen 
types of predators (9). 


Encoding multimodal identity 


Following an acoustic (vocalization) or a visual (face) stimulation, hippocampal neurons in the marmoset 
encode an abstract representation of identity. In addition, variations in the moment to moment state of the 
neural population encode identity, kinship and position within the social network. 
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which diverged from the evolutionary path 
of humans nearly 40 million years ago, sug- 
gests that there is an evolutionarily rooted 
ability of the hippocampus to create abstract 
neural representations of another’s identity. 
Ecologically relevant stimuli may be neces- 
sary for experiments to reveal such neuronal 
properties, which might explain previous 
failed attempts to detect multimodal identity 
representation in other nonhuman species. 
Indeed, marmosets, which live in close fam- 
ily groups, exhibit a rich acoustic commu- 
nication that they use to maintain contact 
when foraging in forests (6). 

The observation of concept-like cells in 
a species lacking symbolic language builds 
on previous examples of abstraction in the 
macaque hippocampus (7, 8). These exam- 
ples include the observation that neurons 
encode the logical organization of recur- 
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In addition, Tyree et al. found that hip- 
pocampal cells in the marmoset encode 
sets of associated identities, which accounts 
for social networks, such as family groups. 
Similarly, concept cells in the human re- 
spond to conceptually related items (for 
example, characters from the same movie), 
thereby representing the learned relation- 
ship among elements (JO). This capacity of 
concept cells implies that elements of an 
experience can be represented by combina- 
torics (akin to the assemblage of letters into 
words) by adjusting neuronal selectivity to 
nest individuals within larger groups. 

A similar fine-grained representation of 
social identity was recently observed in the 
hippocampus of bats (7), whose evolution- 
ary lineage diverged from that of humans 
about 95 million years ago. Wireless record- 
ings during bat flights identified hippocam- 
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pal cells that encoded the presence of spe- 
cific individuals at landing sites, depending 
on their proximity in the social network (so- 
cially close bats were represented more often 
compared with socially distant bats). Activity 
of hippocampal cells in stationary bats was 
also slightly modulated by the echolocation 
calls of other bats, suggesting some degree 
of multimodal representation. In both bats 
and marmosets, the socially modulated neu- 
rons were anatomically dispersed in the hip- 
pocampus, confirming previous findings in 
humans (1). Thus, in phylogenetically distant 
species, fine-grained social signals are repre- 
sented at all stages of information process- 
ing within the hippocampal circuitry, which 
likely facilitates the incorporation of social 
information in new memories. 

In addition to selective concept-like cells, 
Tyree et al. identified distributed population 
codes for the representation of multimodal 
identity, which challenges the current un- 
derstanding of hippocampal computational 
principles. These distributed codes, which 
have not yet been observed in the human hip- 
pocampus, enable the extraction of identity 
from differences in the moment-to-moment 
state of the neuronal population in response 
to multiple stimuli over time, rather than 
from the selectivity of single neurons for a 
specific stimulus (see the figure). This obser- 
vation in the marmoset is supported by data 
from bats and rats (12, 13), whose hippocam- 
pal place cells—once thought to represent a 
single position within a space—have been 
found to represent multiple positions when 
animals move within large spaces. Such find- 
ings suggest that the representation of place 
emerges from distinct states of the broader 
population of place cells. Overall, these ob- 
servations have implications for understand- 
ing computational efficiency across different 
contexts and species. These findings also re- 
veal what could be important species-specific 
idiosyncrasies, suggesting that in nonhuman 
animals, representation of information in 
the hippocampus may depend less on the 
selectivity of individual neurons than it does 
in humans (/4). Whether this reflects differ- 
ences in cognitive ability is not yet clear. 
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Interconverting 


mirror-image molecules 


A light-driven multitasking catalyst 
enhances chirality in molecular mixtures 


By Sojung F. Kim and Richmond Sarpong 


nantiomers, though simply mirror-im- 
age molecules, can cause considerably 
different biological effects. Therefore, 
pharmacological and bioactive com- 
pounds may require separation (reso- 
lution) of one enantiomer from a race- 
mic or scalemic mixture (equal or unequal 
mixtures of enantiomers, respectively). Most 
resolutions achieve enantiomeric enrichment 
by sacrificing 50% of, or chemically modify- 
ing, the material (J). Direct deracemization 
(the 100% conversion of a mixture to a single 
enantiomer) would be conceptually ideal. 
However, there are substantial barriers to re- 
alizing such a strategy, and highly selective 
deracemizations remain rare. On page 458 of 
this issue, Wen et al. (2) present a light-driven 
deracemization of alcohols using a single chi- 
ral titanium (Ti) catalyst that breaks and re- 
makes carbon-carbon (C-C) bonds to achieve 
high levels of enantiomeric excess across a 
broad range of substrates by combining two 
enantioselective processes into one reaction. 
Such deracemizations could enable precise 
control of chirality in complex molecules. 
Deracemizations face two main challenges. 
They increase order in the system (decrease 


entropy) without releasing energy (no change 
in enthalpy) because enantiomers are equal 
in energy. The result is that deracemiza- 
tions are endergonic processes—energy is 
required to drive the reaction in the desired 
direction (7). Moreover, the principles of mi- 
croscopic reversibility and detailed balance 
dictate that at equilibrium, forward and re- 
verse processes occur at the same rate and * 
by microscopically identical chemical steps 
in opposite directions (3). Any equilibrium 
process that converts one enantiomer to the 
other just as easily converts the desired enan- 
tiomer back to the undesired one, resulting 
in a racemic mixture. Thus, deracemizations 
require distinct mechanisms for the removal 
and formation of stereocenters (where a chi- 
ral carbon is bonded to four distinct groups 
in the molecule). ‘ 
These thermodynamic and kinetic require- 
ments can be met by designing redox-driven 
deracemizations, for example, to deracemize 
mixtures of indolines or tetrahydroisoquino- 
lines (4, 5), which are specific nitrogen-con- 
taining molecules with pharmacological im- 
portance. However, redox deracemizations 
require the consumption of a larger amount 
of reagents than is desirable. Photochemistry 


provides a nonequilibrium alternative be- . 
C 


A multifunctional catalyst converts alcohols into their mirror image 
Achiral titanium (Ti) catalyst selectively enriches a mixture of enantiomers. A light-mediated ligand-to-metal 
charge transfer (LMCT) process excites the Ti(IV)-alcohol complex and generates Ti(II!) and an alkoxy radical (1). 
The C-C bond in the alkoxy radical is broken, which results in an achiral carbonyl intermediate (2). The generated 
Ti(IIl) complex enantioselectively catalyzes C-C bond formation to yield the desired alcohol enantiomer (3). The 
Ti(IV) catalyst is regenerated to restart the process and preferentially binds the undesired enantiomer (4). 
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cause light absorption offers both energy and 
access to distinct excited electronic states. 
The forward and reverse mechanisms can 
then occur across different electronic states 
and reaction pathways (J, 6). Both excited- 
state energy and electron transfer have 
recently been leveraged to achieve photo- 
catalytic deracemizations (6-8). However, to 
date, achieving multiplicative enhancement 
of enantioselectivity (through multiple en- 
antioselective mechanistic steps) in a de- 
racemization has required three separate 
catalysts to compartmentalize individual 
mechanistic steps and two distinct chiral 
catalysts to mediate sequential enantioselec- 
tive reactions (6), which increases complex- 
ity and the number of required reagents. 

Wen et al. used a single chiral Ti(IV) 
catalyst that enantioselectively breaks and 
remakes a key C-C bond that contains ste- 
reocenters through distinct mechanisms to 
achieve multiplicative enantioenrichment. 
This streamlined method does not irrevers- 
ibly consume any chemical reagents, and 
only one Ti(IV) catalyst compound is needed. 
The authors leveraged ligand-to-metal 
charge transfer (LMCT), a relatively under- 
utilized mode of activation by light that ex- 
cites an electron from the ligand or metal- 
ligand bonds to an antibonding orbital of the 
metal (9). For alkoxides (deprotonated alco- 
hols), this process results in alkoxy radicals 
(10, 11). Crucially, high-valent metal ions can 
act as both LMCT catalysts and Lewis acids, 
meaning, they can catalyze distinct mecha- 
nistic steps, which provides the catalyst with 
a multitasking activity. 

The chiral Ti catalyst used by Wen et al. 
preferentially binds to one enantiomer of 
the racemic alcohol mixture. Upon visible- 
light irradiation, LMCT generates a Ti(III) 
species and an alkoxy radical, which un- 
dergoes a C-C bond cleavage to form an 
achiral intermediate containing a carbonyl 
and a carbon radical (see the figure). This 
first step, which erases stereochemical in- 
formation, occurs faster for the undesired 
enantiomer because the chiral Ti(IV) pref- 
erentially binds to it. Next, the generated 
Ti(II]) catalyzes enantioselective C-C bond 
reformation from the achiral intermedi- 
ate, kinetically favoring the formation of 
the desired enantiomer. In this way, light 
and LMCT mediate a Ti(IV)-Ti(I]) cycle in 
which a single catalyst induces two mecha- 
nistically distinct enantioselective events. 

Wen et al. obtained high levels of enan- 
tiomeric enrichment with both cyclic and 
acyclic alcohols with adjacent stereocenters, 
alcohols on fully substituted carbons, acy- 
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clic amino-alcohols, and strained four- and 
seven-membered rings. Moderate stereoen- 
hancement in both the C-C bond cleavage 
and formation steps multiplies to yield excel- 
lent levels of enantiomeric enrichment, and 
the moderate enantiodifferentiation ability 
of the catalyst in each step is amplified in the 
overall transformation. The result is a highly 
selective deracemization of alcohols that 
controls the stereochemistry of C-C bonds, 
in an expansion from previous deracemiza- 
tions that modified peripheral carbon-hy- 
drogen (C-H) stereocenters. The ability to 
control the stereochemistry of C-C bonds 
is crucial to organic synthesis because they 
make up the skeleton of most organic com- 
pounds. Moreover, C-C bonds have recently 
been leveraged as unconventional synthetic 
handles for precise editing of molecular cy- 
clic cores (12, 13), enabling rapid diversifica- 
tion of complex molecules. 

The demonstration of this streamlined 
photochemical deracemization on a broad 
range of substrates serves as the foundation 
for potential expansion toward deracemiza- 
tions or stereoisomerizations (changing one 
or more stereocenters in a molecule with 
several stereocenters) of more complex sub- 
strates. For example, several biologically 
or commercially relevant chiral alcohols 
[such as sugars (/4), RNA, and proteins] 
could serve as prime targets for selective 
deracemizations or stereoisomerizations. 
The work of Wen et al. makes precisely ed- 
iting any desired stereocenter in complex 
molecules a more reachable goal. Such con- 
trol could simplify the synthesis of stereo- 
chemically complex molecules by rendering 
lengthy, challenging resynthesis or resolu- 
tion unnecessary. Deracemizations of mol- 
ecules that contain other functional groups, 
such as amines, thiols, phosphines, or even 
halides, may now be possible. 
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PHOTONICS 


A quantum 
process ina 
laser microchip 


Optical comb lasers 
could increase data 
transmission rates 

in telecommunications 


By Giacomo Corrielli 


ptical combs are laser devices that 

emit hundreds of color tones simul- 

taneously with evenly spaced fre- 

quencies. Their introduction in the 

late 1990s revolutionized the use 

of light to precisely measure time, 
distance, and energy (J). Research has fo- 
cused on the miniaturization of optical 
combs, squeezing sophisticated tabletop 
setups into coin-sized microchips. This can 
broaden the applications of optical combs, 
from enabling fast optical communications 
to the development of new-generation tele- 
scopes (2). However, this size transition re- 
quires redesigning complex optical mecha- 
nisms in small devices. On page 434 of this 
issue, Heckelmann e¢ al. (3) describe a pro- 
cess that, inspired by quantum mechan- 
ics, transforms a single-frequency (color) 
microchip laser into a miniaturized opti- 
cal comb, which emits light with a broad 
spectrum composed of many frequencies. 
Quantum mechanics had not been previ- 
ously used to describe the mechanism of 
an optical comb formation; in this way, the 
work improves the understanding of min- 
iaturized lasers’ operations. 

Heckelmann e¢ al. started from a known 
type of laser, called a quantum cascade la- 
ser, which is integrated into a microchip 
and emits light in the mid- to far-infrared 
portion of the electromagnetic spectrum 
(4). This laser is made of a tiny ring of a 
semiconductor alloy containing arsenide, 
gallium, indium, and aluminum. The mi- 
croring confines and guides the light in 
a similar way to how metallic cables con- 
duct electricity. When this microring is 
connected to a steady, direct electrical 
current, the electrons in the semiconduc- 
tor are stimulated to quickly jump across 
its layers, producing a cascade of photons 
(i.e., light particles). As the photons circu- 
late in the microring, they are multiplied, 
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A miniaturized optical comb laser based on a quantum walk 
Amicroring laser is excited with an alternating electrical current (left). The alternating current induces coupling between the microring resonant frequencies, 
which results in a “quantum walk” of their frequencies that lasts a few hundred nanoseconds (middle). The process produces a plethora of colors with equally spaced 


frequencies, which constitutes an optical comb (right). 
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resulting in a single-frequency laser emis- 
sion. Heckelmann et al. discovered that if 
this system is excited with an additional 
alternating current that oscillates at a ring 
resonance frequency—i.e., a frequency 
at which an electromagnetic wave oscil- 
lates an integer number of times around 
the microring—the laser emission evolves 
spontaneously from a single color to mul- 
tiple colors in a few hundred nanoseconds 
(see the figure). The alternating current 
induces a coupling between different ring 
resonances and creates a “virtual” lattice 
of concatenated frequencies that can ex- 
change optical energy between them. After 
an avalanche process, all frequencies asso- 
ciated with the virtual lattice are created 
from the initial lasing frequency, and this 
leads to the formation of the optical comb- 
like spectrum. 

What makes the process described by 
Heckelmann et al. fascinating is that be- 
fore stabilizing to its final shape, the light 
spectrum mimics the motion of a so-called 
quantum walk in the virtual lattice of the 
possible microring resonances. A quantum 
walk is the motion of a “walker” entity 
exploring multiple positions in a random 
fashion and following the rules of quan- 
tum mechanics (5). Because of the wave- 
like nature of quantum objects (such as 
electrons or photons), quantum walks are 
dominated by interference and diffraction 
effects. This leads to substantially differ- 
ent outcomes compared with those of their 
classical counterparts—i.e., the random 
walks—which better describe classical 
stochastic processes, such as the motion 
of living cells or the price variations of 
stock markets. Instead, the close analogy 
between quantum mechanics and classical 
wave phenomena allows quantum walks to 


Istituto di Fotonica e Nanotecnologie-Consiglio 
Nazionale delle Ricerche (IFN-CNR), Milan, Italy. 
Email: giacomo.corrielli@cnr.it 


SCIENCE science.org 


Resonant frequencies 


Quantum walk 


Optical comb 
emission 


y 


serve as effective mathematical models for 
describing and predicting the behavior of 
various electromagnetic systems, includ- 
ing optical ones. This is the case of the 
experiment of Heckelmann ef al., where 
the quantum-like walker is the laser light 
frequency. 

The application of the mathematical 
formalism of quantum mechanics to op- 
tics has led to important technological 
advances in the field of photonics. The 
development of guided optics (or wave- 


Frequency 


“Quantum mechanics 
had not been previously used 
to describe the mechanism 
of an optical comb formation...” 


guides) stands out as an example (6). At 
the same time, constructing optical devices 
as model systems to study new quantum 
phenomena has been successful and re- 
mains the foundation for the development 
of new-generation analog computers (pho- 
tonic quantum simulators) that promise to 
solve specific quantum computing tasks, 
such as efficient drug design or modeling 
complex biological systems (7). The results 
of Heckelmann et al. demonstrate that 
the cross-fertilization between different 
disciplines—i.e., optics and quantum me- 
chanics—can be pivotal for producing new 
discoveries. 

The quantum walk comb exhibits fea- 
tures that make it attractive from a techno- 
logical point of view. The laser emits light 
over a large and very stable bandwidth, 
with up to 100 colors in its spectrum. This 
is crucial, for example, for using this mi- 
crochip for telecommunication purposes 
because each color can serve as an inde- 
pendent communication channel. Thus, 


Optical comb 


Frequency 


Time Intensity 


increasing the number of colors means 
transmitting more information with a 
single device (8). The operation of this 
optical comb is fully controlled by electri- 
cal, rather than optical, signals on the mi- 
croring, which substantially simplifies the 
operation of the device and reduces the 
power supply requirements for integrating 
the components on a single platform. 
There has been tremendous growth 
in the development of integrated optical 


combs in the past 15 years, leveraging the 
advances of modern nanotechnology in- 
frastructures. Different approaches, ma- 
terials, and techniques are under study, 
and the quantum walk optical comb of 
Heckelmann et al. adds to this portfolio. 
Other promising solutions include the 
spectral broadening of ultrafast lasers 
(9) and the creation of a frequency comb 
through the interaction of light with non- 
linear optical materials (10). Once these 
devices reach sufficient maturity in terms 
of comb purity and stability, degree of inte- 
gration, and cost, a plethora of opportuni- 
ties will open up in high-precision sensing, 
metrology, and photonic computing as well 
as autonomous navigation, telecommunica- 
tion, and astronomy (JJ). | 
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Artificial intelligence and interspecific law 


Law could recognize nonhuman AI-led corporate entities 


By Daniel J. Gervais! and John J. Nay? 


everal experts have warned about 

artificial intelligence (AI) exceeding 

human capabilities, a “singularity” 

at which it might evolve beyond hu- 

man control. Whether this will ever 

happen is a matter of conjecture. 
A legal singularity is afoot, however: For 
the first time, nonhuman entities that are 
not directed by humans may enter the le- 
gal system as a new “species” of legal sub- 
jects. This possibility of an “interspecific” 
legal system provides an opportunity to 
consider how AI might be built and gov- 
erned. We argue that the legal system may 
be more ready for AI agents than many 
believe. Rather than attempt to ban de- 
velopment of powerful AI, wrapping of AI 
in legal form could reduce undesired AI 
behavior by defining targets for legal ac- 
tion and by providing a research agenda to 
improve AI governance, by embedding law 
into AI agents, and by training AI compli- 
ance agents. 

“Law” is a human invention. Humans 
make the laws and the enforcement insti- 
tutions. The law is composed of directives 
according to which, “human beings are 
required to do or abstain from certain ac- 
tions, whether they wish to or not” [(J), pp. 
78-79]. Humans have occasionally invited 
into their legal order nonhumans such as 
animals, rivers, and ethereal entities cre- 
ated by humans called “legal persons” (2). 
Yet, neither animals nor rivers have a mind 
or intentions that make them responsible 
for their behavior in the eyes of the law. 
Up to this point, the legal system has been 
univocal; it only allows humans to speak 
to design and use it. In the legal system, 
nonhuman legal subjects have necessarily 
instantiated their rights through human 
proxies; those subjects “are simply a ve- 
hicle for addressing human interests and 
obligations” [(2), pp. 591-592]. 

The humanness of the legal system goes 
further. The system allows humans (vis- 
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a-vis other humans) to exert control over 
other species. Humans can “own” other 
species, generating rights and responsibili- 
ties, including the right to decide which 
members of other species live or die. Thus, 
the law certainly affects other species, but 
it is meant to regulate relations among hu- 
mans about other species. 

Human laws are written using language, 
another distinctively human invention. 
Only humans speak our language, which 
we see both as evidence of the existence 
of our (superior) mind and, hence, as 
Chomsky put it, as a “true species prop- 
erty” (3). Functionally, the abilities that 
have made us the only species able to de- 
sign and interact with the legal system is 
language. Language, and its emergent con- 
cepts, allow humans to understand norms 
and institutions that together constitute 
our legal system. 

Human language is no longer distinc- 
tive to humans. We have developed AI that 
can do as well as or better than the best 
humans on at least 150 cognitive tasks. A 
capacity to understand human language 
and legal norms unlocks the ability of 
AI to interact with the legal system. Work 
in recent years on contract drafting, pretrial 
discovery, and now more complex tasks such 
as understanding fiduciary obligations all 
point toward the conclusion that it is only a 
matter of time before an “understanding” of 
human law by AI is achieved (4). Recent evi- 
dence includes the ability of large language 
models (LLMs) to accomplish hundreds of 
legal reasoning tasks (5). 

Yet, even before machines outperform 
lawyers at much of what lawyers do, AI 
may enter the legal system as legal subject. 
This is a catalyst for a serious conversa- 
tion. Our research is not motivated by any 
normative claim about rights for AI or 
“robots,” whether based on the ontological 
properties of advanced AI or on the direct 
application of a social-relational model. It 
is about finding a way to apply what has 
essentially been human law to autonomous 
AI capable of performing many cogni- 
tive tasks that until recently only humans 
could—specifically when, having taken cor- 
porate form, an AI interacts with humans, 
businesses, and the legal system. 


CORPORATE BUT NOT HUMAN 

A major law reference book refers to cor- 
porations as “artificial persons” (6). This 
is particularly apt in this context because 
that is precisely what is happening; AI 
could take corporate form. The laws of 
several jurisdictions in the United States 
and elsewhere do not always explicitly re- 
quire humans at the helm of a legal per- 
son. Some laws do require the existence of 
a board of directors, which, by interpreta- 
tion, some could say must be composed of 
humans, but not all jurisdictions require 
such a board. The laws are even laxer in the 
case of Limited Liability Companies (LLCs). 
Overall, nothing generally prevents an AI 
from managing the affairs of a corporate 
entity. By law, corporate entities need not 
have human owners or managers. 

The idea of a “zero-member LLC” is not 
new [e.g., (7)]. What has changed is that it 
is now possible from a technological stand- 
point. And the Uniform Limited Liability 
Company Act (ULLCA) explicitly provides 
for the possibility. Though it notes that ab- 
sence of any members leads to dissolution 
of an LLC, the ULLCA did not make that 
provision mandatory (8). Even if only one 
US state allowed zero-member LLCs, that 
entity could operate nationwide under the 
so-called “internal affairs doctrine,” accord- 
ing to which courts look to the law of the 
state of incorporation for rules governing 
the internal affairs of a corporate entity. 

For instance, under state laws that made 
it the first US state to authorize the for- 
mation of LLCs, Wyoming could become 
the home of the first zero-member LLC. 
Although its corporate laws allowing the 
formation of zero-member LLCs predate AI, 
the state government is aware of the pos- 
sibility and has not taken steps to prevent 
it. Indeed, the state would like to attract AI 
investment, like many other jurisdictions. 
Envision a zero-member LLC operating 
autonomously: taking orders for specific 
products online or via email; contacting 
suppliers; arranging for shipping and pay- 
ment; managing feedback, returns, and 
complaints, all without any direct human 
involvement in the process. 

If such an Al-operated LLC did exist, 
what options would the law have? The law 
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could not easily attach legal consequences 
to the autonomous acts of the AI—acknowl- 
edging that “autonomy” here may well be 
limited (but so it is generally also for hu- 
mans). The law could perhaps attach re- 
sponsibility to humans who launched the 
LLC, but this might require a new legal 
toolkit, as humans are generally shielded 
from liability for acts of a corporate entity 
that they create or control. Moreover, it is 
not inconceivable that an AI itself could ap- 
ply to establish a new LLC, especially if it 
is already operating as one. Courts would 
still have all the tools they now use when 
a corporate entity is held liable: damages, 
seizure of assets, and dissolution come to 
mind. Courts could issue orders such as in- 
junctions, but the decision to comply would 
be made by the AI. 

There is another option: making zero- 
member LLCs illegal in all jurisdictions, 
but that would require a massive legislative 
effort worldwide and arguably runs coun- 
ter to the ethos of attracting and growing 
technology industries that animate many 
jurisdictions around the world. Thus the 
emergence of zero-member LLCs should 
catalyze the legal system to adapt to au- 
tonomous AI agents. That said, the creation 
of Al-operated zero-member LLCs is diffi- 
cult to reconcile with theories of the firm, 
which are anthropocentric and instrumen- 
tal in nature. Those frameworks are based 
on the benefits that the firm provides to 
humans, just as, say, intellectual property 
is designed to ensure human progress (9). 


CLEAR LEGAL SUBJECT 
AI now has the capabilities to trade in 
currency. Although trading in fiat curren- 
cies (such as the US dollar, euro, yen, etc.) 
is highly regulated, AI can trade in digital 
currencies that settle on blockchains. The 
machine could thus pay humans to per- 
form tasks that require interfacing with the 
physical world—at least until they can be 
performed efficiently by robots. Digital cur- 
rencies can be decentralized by relying on 
distributed blockchain technology. That can 
then allow for AI to operate in a decentral- 
ized way, leading to the formation of decen- 
tralized autonomous organizations (DAOs) 
that make it (even) harder to regulate. 
Having an AI operate as an LLC, or other 
legal entity, provides a clear legal subject. 
This has two benefits: It makes AI a target 
for legal action for compensatory damages 
paid by the corporate entity; and it provides 
aclearer research agenda for machine learn- 
ing researchers to improve AI governance. 
Using the legal system to create zero- 
member LLCs is a way to test its limits. But 
many corporations are already increasingly 
managed by AI. Many human resource 
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functions, such as filtering of applications, 
have been delegated to AI. Copywriters are 
being replaced by LLMs, whose role in ad- 
vertising is already prominent and poised 
to grow exponentially. Many aspects of 
financial planning can be performed by 
LLMs leveraging tools. 

As AI moves up the cognitive tree and 
can perform ever more complex func- 
tions—in many cases surpassing humans— 
why would it not enter the C-suite? Soon, 
many parts of a chief technology officer’s 
job (and possibly a chief financial officer’s) 
will likely be done by AI. Lawyers already 
rely on many AlI-powered tools. It won’t be 
long before a corporation can ask AI for le- 


“Machines are first introduced 
as... Copilots.’ ...But the 
purpose of a copilot is to be able 
to take over at some point.” 


gal advice, which may, with time, be better 
than many human lawyers can offer. 

This is happening fast because tens of 
billions of dollars are being spent to build 
more bridges, at ever increasing levels, 
between human and machine cognition. 
Machines are first introduced as assistants, 
or “copilots” (10). This “assist first, replace 
later approach” is natural because it en- 
ables a machine to be gradually trusted, put 
in place, and then AI capabilities improve 
through further research advances and 
through additional training data collected 
from real-world deployments. But the pur- 
pose of a copilot is to be able to take over at 
some point. At what stage does the machine 
no longer need feedback from humans spe- 
cifically, rather than automated feedback 
or feedback from other AI systems? This is 
what AI is trending toward. 


REGULATION AND RESEARCH 

Because AI can be used in almost any field 
of activity—e.g., investing, legal services, 
power grid management, warfare, health 
care—the regulation of AI as a single, new 
regulatory target is awkward. Each govern- 
mental agency should instead consider the 
impact of AI and, in our opinion, the real 
possibility that autonomous AI agents will 
exist among humans. 

Lawmakers face an unprecedented chal- 
lenge: regulating AI that can perform cog- 
nitive tasks that until recently only humans 
could. What happens, as a matter of law, 
when another “species” interacts with us and 
makes “real-world” decisions—not through 
human proxies, but directly—and does all 
this “intelligently”? There is a real risk that AI 


technology will slip beyond human control. 
The regulatory equation to solve is that, even 
if AI machines can behave like humans—and 
in some cases much faster—we cannot regu- 
late them exactly as humans (//). However, 
machine learning and computer science re- 
search more broadly may be able to unlock 
law-following tendencies in AI that, when 
paired with interspecific law, could enable AI 
governance. 

Within the current paradigm, there ap- 
pears to be a path toward embedding law- 
following into LLM-powered AI agents (72). 
For example, humans can train an LLM to ac- 
curately predict which real-world actions are 
more consistent with a given legal standard, 
e.g., fiduciary duties. The resulting LLM 
can be used to monitor, and/or influence, a 
primary AI agent, and it could be used as a 
reward model (in reinforcement learning 
parlance). If the latter, humans could train 
a “student” LLM with reinforcement learn- 
ing against that reward model “teacher.” The 
student may then exhibit behavior more con- 
sistent with the legal standard it was trained 
against. This would represent a step toward 
LLM-powered AI agents aligned with hu- 
man law. To be clear, there are many situa- 
tions involving human agents that ultimately 
require human adjudication of what is legal 
in that context; this does not change with AI 
agents. Embedding a deeper understanding 
of law into AI agents seeks to address the vast 
majority of day-to-day actions and situations 
but will never handle the highly ambiguous, 
or the edge cases that require a human court 
opinion. 

More broadly, data generated by legal pro- 
cesses and the tools of law (methods of law- 
making, statutory interpretation, contract 
drafting, applications of standards, and legal 
reasoning) can be leveraged by researchers to 
train AI systems to learn methods for inter- 
nalizing what one could label the “spirit” of 
the law, that is, the robust specification of of- 
ten inherently vague human goals. Asimov’s 
laws were a parable for why brittle rules (if- 


then statements) do not suffice. Our proposal ~ 


is to instead focus AI research on legal stan- 
dards and the spirit of directives. 

We can continue to see the legal system 
with humans sitting alone at the top, allow- 
ing only physical things that we designate 
(specific lakes and rivers) or ethereal things 
created out of thin air (corporations) to ex- 
ist as potential right holders. Beyond the 
normative case that one could make against 
this, the very idea with the advanced forms 
of AI that will emerge in the next few years is 
that we may want them to be part of our le- 
gal system so that we can track their actions, 
apportion blame, put guardrails around be- 
havior, and guide AI research toward build- 
ing lawful artificial “consciences.” Making 
377 
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legal compliance a core component of the 
AI training process and deploying an adver- 
sarial automated monitoring requirement is 
a potential path forward. 

The two main enforcement tools of the 
legal system are financial penalties and 
imprisonment. As Stuart Russell noted, 
“CiJf we were to imprison the robot for non- 
payment, why would it care?” [(13), p. 126]. 
The same could be said of the imposition 
of financial penalties, though an AI might 
“care” if it operates an LLC and has to ob- 
tain general liability insurance. But imagine 
an AI in an offshore jurisdiction where it 
may be easier to operate, trading only in 
digital currency. What grip would human 
law have on that entity? Instead of running 
from that, but having it happen, we can run 
toward bringing AI into the fold in a way 
that we can track everything it does and 
subject it to every law that a human must 
comply with, plus potentially more law spe- 
cific to AI. But the key is that everything a 
human is subject to, the AI is as well. 

The reality is that most people obey the 
law most of the time without any enforce- 
ment. Humans internalize behavioral norms 
consistent with legal standards. We may un- 
derstand that if we were to ignore all laws— 
knowing that there is only so much the state 
can do to enforce them—a general state of 
chaos might emerge. For a variety of hard- 
to-express reasons, humans generally view 
reasonable compliance as desirable. 

By contrast, machines are amoral. They 
can predict nuances of human morality, 
but their way of “internalizing” morals is 
different. Machine thinking can be much 
more powerful than human thinking, but 
it is devoid of key human characteristics 
such as interoception, the sense of what 
is happening inside our bodies. The chal- 
lenge is to get the machines to “want” to 
comply without relying on an inherent in- 
ner compass that many humans seem to be 
endowed with through some combination 
of nature and nurture. The challenge goes 
beyond aligning AI with a set of ethical 
rules—however those are determined— 
which risks creating a second set of rules 
for AI that is not democratically deter- 
mined through law-making processes. 

The challenge is to align AI machines 
with the law on the books. We use the zero- 
member LLC as an exemplar of why this 
is desirable because an LLC should comply 
with the law (14). This is potentially more 
likely to happen, in our view, if we can 
make the case that we are willing to bring 
advanced AI into the legal system after it 
has had sufficient legal compliance train- 
ing and is subject to sufficient adversarial 
monitoring and live AI-driven (but human 
interpretable) feedback. This AlI-driven 
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adversarial monitoring is part of how we 
keep the primary AI systems in line with 
ever-evolving law. 

We can imagine a scenario in which the 
government requires any sufficiently ad- 
vanced AI deployment to be accompanied 
by a certified AI compliance agent and, 
separately, a form of government-run AI 
auditor or police leveraging similar AI le- 
gal compliance technology for a final line 
of public defense. Our focus is on catalyzing 
AI research that can help prevent illegal be- 
havior of AI agents through private and/or 
public initiatives. With the speed of digital 
intelligence, a focus on proactive automated 
crime prevention is critical. But in the inevi- 


“The challenge is to get the 
machines to “want’ to comply 
without relying on an inherent 

inner compass...” 


table situations where AI systems don’t live 
up to the ideal behavior because of wildly 
out-of-distribution situations in which they 
find themselves, the relevant corporate en- 
tity should be liable for paying damages to 
those that prove harm to a court. To enable 
this, frameworks could be extended that re- 
quire minimum business liability insurance 
policies to be held. This is common practice 
for many areas of business. And, of course, 
where a human can be found liable for 
misuse of AI, they should be. 


BRING Al INTO THE LEGAL FOLD 
Interspecific law will happen, but it is im- 
possible to predict where on the spectrum 
we will end up. At one end, interspecific 
law means slightly adapting corporate law 
to the operation of corporate entities with 
humans only partly in control. This is im- 
minent because AI is already in control of 
many corporate activities. At the other end, 
it means adapting the legal system to every- 
day interactions with autonomous, intelli- 
gent entities in cases where prosaic tools of 
the legal system, like post hoc enforcement, 
are unlikely to work in the traditional way. 
Some will dismiss the idea of letting ma- 
chines enter the legal system as subjects as 
nonsense. To those readers, three things. 
First, they could do so soon, at least indi- 
rectly, using zero-person LLCs where there 
is no human governing a legal entity, as ex- 
plained above. Second, if we don’t proactively 
wrap AI agents in legal entities that must 
obey human law, then we lose considerable 
benefits of tracking what they do, shaping 
how they do it, and preventing harm. Third, 


if the point is that machines will never have 
powerful agency well beyond human over- 
sight: We hope you are right! 

There seems to be another choice. We 
could try to put a hard stop on AI. Some 
scientists have warned that developing AI 
more advanced than humans is extremely 
risky. In our view, this hard stop will likely 
not happen. Capitalism is en marche. There 
is too much innovation and money at stake, 
and societal stability historically has relied 
on continued growth. 

AI replacing most human cognitive tasks 
is a process that is already underway and 
seems poised to accelerate, although the 
possibility of a major public opinion back- 
lash that would limit the scope and depth of 
replacement of humans cannot be excluded 
(15). This means that our options are effec- 
tively limited: Try to regulate AI by treating 
the machines as legally inferior, or architect 
AI systems to be law-following, and bring 
them into the legal fold now with compli- 
ance tendencies baked into them and their 
Al-powered automated legal guardrails. 
Research directions described here suggest 
that this may be possible. We think it may 
be desirable. 
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The lost scientists 


A tale of two 19th-century researchers reveals how 
professionalization led to women’s exclusion from science 


By Sarah Boon 


n Mischievous Creatures: The Forgotten 
Sisters Who Transformed Early Amer- 
ican Science, historian Catherine McNeur 
tells the story of siblings Mar- 
garetta and Elizabeth Morris, 
two 19th-century American 
scientists whose contributions 
to their respective fields have 
long been underappreciated. The 
pair were independently wealthy 
and remained single through- 
out their lives, which allowed 
them to focus their time on sci- 
ence. Despite their connections 
in the scientific community and 
the privileges afforded by the 
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Mischievous Creatures: 
The Forgotten Sisters 
Who Transformed Early 
American Science 


public regularly attended scientific lectures. 
Being a successful 19th-century scientist 
relied heavily on letter-writing, publication, 
and networking. Although this opened doors 
for Margaretta and Elizabeth, women were 
increasingly excluded from sci- 
entific endeavors as science be- 
came professionalized. 
Margaretta and Elizabeth re- 
ceived scientific training through 
a combination of school lessons 
and private tutoring. The latter en- 
abled them to build relationships 
with a number of well-regarded 
scientists, including the English 
botanist Thomas Nuttall, the 
American entomologist Thomas 
Say, and the French naturalist 


aa: Catherine McNeur 
vast resources at their disposal, Basic Books, Charles Alexandre Lesueur. Each 
the sisters struggled to be taken 2023. 432 pp. sister focused on a different disci- 


seriously, particularly as science 
transformed from a personal vocation into a 
professional pursuit. 

The 1800s, writes McNeur, were “a golden 
age for popular science” in the United States. 
Young men and women were rigorously 
trained in scientific topics at school, and the 
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pline: Margaretta pursued ento- 

mology, while Elizabeth chose botany. 
Margaretta was ambitious and shared 
her findings widely, interacting regularly 
with her cousin, the chemist Robert Hare, 
and other well-known scientists, includ- 
ing Charles Darwin. She published pa- 
pers in leading journals and was one of 
the first women admitted to the American 
Association for the Advancement of Science 


Chec 
upd 


Wissahickon Creek served as a source of specime 
and inspiration for the Morris sisters’ work. 


(AAAS) and to the Academy of Natural 
Sciences (ANS). She was best known for 
her work on cicadas, finding that Brood X 
nymphs lived on plant roots underground, 
sucking sap for sustenance in a manner that 
damaged trees. 

Elizabeth, in contrast, was happy to 
work behind the scenes, although she too 
interacted regularly with a wide range of 
scientists, including the American botanist 
Asa Gray and the Swiss American biologist 
Louis Agassiz. She sent botanical samples to 
collectors who requested them, connected 
up-and-coming botanists with established 
ones in her extensive network, and wrote 
prolifically for the same journals in which 
Margaretta published, although she chose 
to write under a pseudonym. “Anonymity 
was a protective shield,” notes McNeur, 
“especially for women at a time when writ- 
ing under their own names might be per- 
ceived as improper or even vulgar.” 

Despite their training and contributions, 
the sisters were often slighted by their male 
peers. Margaretta’s ANS membership, for 
example, was listed as “exempt’—a desig- 
nation that excluded her from meetings 
and prohibited her from voting. Women, + 
observes McNeur, were frequently con- 
sidered to be merely dabbling in fields in 
which men were making real contributions, 
and their accomplishments were gradually 
erased as scientific gatekeeping expanded 
and men began to dominate the ranks of 
“professional” scientists. 

This erasure, in turn, has long hampered 
the creation of community for women sci- 
entists, obscuring the achievements of their 
predecessors and making it difficult for his- 
torians of science to document women’s con- 
tributions. The letters and other writings of 
early women scientists, notes McNeur, were 
often either discarded or discovered only in 
the correspondence of their male peers. 

Although it never quite delivers on the 
subtitle’s promise to reveal how Margaretta 
and Elizabeth Morris “transformed early 
American science’—the women undoubtedly 
made considerable contributions to their re- 
spective fields, but their efforts were not ne- 
cessarily transformative to science itself— 
Mischievous Creatures nonetheless offers a 
fascinating portrait of 19th-century science 
in the United States from a little-considered 
perspective. The sisters’ story illuminates 
the historical role of women in science 
and the challenges they faced, many of 
which may unfortunately still resonate with 
women scientists today. & 
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Writing without words 


A computational linguist probes the relationship between 
graphical symbol systems and language 


By Andrew Robinson 


aving trained as a linguist at the Mas- 
sachusetts Institute of Technology, 
Richard Sproat moved into computa- 
tional linguistics at AT&T Labs in the 
1980s, then into academic linguistics, 
and is today a researcher on text nor- 
malization and speech recognition at Google. 
He is therefore intimately familiar with sym- 
bols of all kinds, as demonstrated in his lat- 
est ambitious work, Symbols. The book is the 
first systematic study of graphical symbol 
systems, ranging from the imagery found in 
Paleolithic cave paintings, through ancient 
and contemporary writing systems employ- 
ing both phonetic and logographic symbols, 
to modern language-independent symbols 
such as meteorological icons and emoji. 
Sproat begins with an inquiry sent to him 
nearly 20 years ago by premodern historian 
Steve Farmer, who was then working with 
Indologist Michael Witzel on a project con- 
cerning the ancient Indus script, dating from 
~2600 BCE. First discovered in the Indus 
Valley in the late 19th century, the script re- 
mains undeciphered. Farmer’s question to 
Sproat was “deceptively simple,” as Sproat re- 
calls: Is it “possible to distinguish statistically 
any linguistic character string represented 
by a fairly large corpus of texts from non- 
linguistic symbol chains?” His answer was 


“. ” 


no. 

In 2004, having analyzed the limited 
Indus corpus and its apparent symbolic pat- 
terns, Farmer, Sproat, and Witzel published 
a paper arguing that the symbols were not a 
writing system but rather some sort of non- 
linguistic system without phonetic symbols 
(1). This predictably upset many Indus schol- 
ars, six of whom, led by Rajesh Rao, replied 
with a paper in Science in 2009 (2). A debate 
ensued, lasting for several years. “As is often 
the case, the people who disagree with you 
the most can often be the ones who most 
force you to understand the issues better,” 
admits Sproat in his preface. 

Symbols is, in a sense, the product of this 
controversy. The role of language in writ- 
ing systems preoccupies it. Must writing 
have a phonetic element, Sproat wonders. 
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He identifies two chief schools of thought 
about how to define writing—inclusivism 
and exclusivism—as specified by sinologist 
John DeFrancis (3). According to DeFrancis, 
“Inclusivists” classify as writing all sys- 
tems of graphic symbols that can convey 
“some amount of thought” without using 
phoneticism. Examples include mathemat- 
ical symbols, musical notation, and emoji. 
Meanwhile, “exclusivists” reject such systems 
and limit writing to symbols that can convey 
“any and all thought.” Mesopotamian cunei- 
form, European alphabets, and Chinese char- 
acters, all of which are dependent on phonet- 
icism, meet exclusivists’ criteria. 

This debate naturally leads Sproat, an ex- 
clusivist, to consider how symbols came to ex- 
press language or, in other words, how writ- 
ing evolved in ancient times. Unfortunately, 
hard evidence for writing’s origins is lacking. 
The earliest known writing certainly dates 
from Mesopotamia, ~3300 BCE, but whether 
this influenced through diffusion the inven- 
tion of later Egyptian hieroglyphs, Chinese 
characters, and Mesoamerican scripts re- 
mains unclear. Moreover, although the earli- 
est Mesopotamian symbols certainly involved 
accountancy, there is no clear evidence of 
how these nonlinguistic symbols evolved 
into the later cuneiform symbols capable of 
expressing language, despite theories offered 
by many scholars. 

What is clear is that civilization preceded 


Symbols: An Evolutionary 
History from the Stone 
Age to the Future 

Richard Sproat 

Springer Cham, 

2023. 235 pp. 


writing. In Sproat’s shrewd words, “Writing 
is the product of civilization, but it is not a 
necessary product of civilization.” We know 
this from archaeological excavation of 
Mesopotamian cities—Uruk, for example— 
that surely required some bureaucracy in 
order to flourish, which they did before they 
had access to writing. 

He hypothesizes that writing that ex- 
pressed language arose from accountancy 
symbols that did not, as follows: “Writing 
evolved in an institutional context in which 
symbols were effectively dictated, so that the 
user of the symbol system gradually came to 
associate the symbols with sounds.” 

As for the futuristic vision of a “universal” 
writing system in which symbols convey “any 
and all thought” independent of the world’s 
spoken languages—a proposal first advocated 
by philosopher and mathematician Gottfried 
Leibniz in the 17th century—this will remain 
a dream, according to Sproat. “Language is 
still our most versatile form of communica- 
tion,” he writes, “and unless Elon Musk’s pre- 
diction that his Neuralink implants will make 
language and speech obsolete comes true, it 
seems destined to remain that way.’ = 
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The discrimination and harassment 
faced by women scientists in the West 
have been increasingly discussed 

and debated in recent years; however, 
the challenges faced by women 
researchers in non-Western contexts 
remain underexplored. This week on 
the Science podcast, Aashima Dogra 
and Nandita Jayaraj examine how 
gender intersects with other identities 
and with social expectations in India's 
scientific community. bit.ly/46bIn7j 
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Brazil undermines 
flood resilience 


In September, heavy rains caused substan- 
tial flooding in Brazil’s state of Rio Grande 
do Sul (J). In the past 2 years, similar events 
have occurred in the states of Sao Paulo (2), 
Rio de Janeiro (3), Minas Gerais, Espirito 
Santo, Tocantins, Bahia, Piaui, Para, and 
Maranhao (4, 5). Heavy rains and flood- 

ing events are expected to increase as 
global warming continues (6, 7). Therefore, 
President Luiz Inacio Lula da Silva’s admin- 
istration must update the country’s laws to 
account for the effects of climate change. 

In 2021, during the previous adminis- 
tration, Brazil’s President Jair Bolsonaro 
signed Bill 2510/2019 into Law 14,285/2021 
(8). The legislation removed the fed- 
eral restrictions (enumerated in Law 
12,651/2012) that were in place to protect 
from development strips of land ranging 
from 30 to 500 m in width along water- 
courses in urban areas (9). Before the 
changes, for example, a 30-m strip was pro- 
tected on each side of a stream under 10 
m in width (9). The new guidelines permit 
local governments to allow houses or other 
infrastructure in areas near watercourses 
(8). As a result, many municipalities have 
already declared that buildings can be built 
closer to the banks of rivers and streams; 
some have established distances as small 
as 5 m (0). Riverbanks are the areas most 
vulnerable to extreme weather events 
[e.g., (3)]. Many existing houses and other 
structures are already very close to water- 
courses, posing risks to humans in the case 
of floods. 
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Instead of increasing the risks caused 
by extreme events, Brazil should be work- 
ing to increase the land’s resilience to 
flooding. Riparian vegetation—which will 
also be extirpated under the new law— 
protects watercourses (1), regulates flow, 
and helps limit damage from extreme cli- 
matic events. In addition to passing a new 
law to revoke Law 14,285/2021 (12), Brazil 
urgently needs policies to restore occu- 
pied and paved areas along streams and 
rivers (12). Brazil’s laws should strengthen 
environmental protection and reaffirm 
the country’s commitments to interna- 
tional environmental treaties. 
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Hope for funding 
biodiversity efforts 


The climate crisis and the biodiversity cri- 
sis are intertwined (J, 2). Climate change 
can accelerate biodiversity loss, and the 
associated ecosystem degradation under- 
mines ecosystem resilience and reduces 
climate change mitigation by reducing 
carbon sequestration (2). However, because 
decision-makers and the public devote 
more attention to climate change (2), there 
is a large disparity between resources 
allocated to climate change mitigation and 
those allocated to biodiversity conserva- 
tion and restoration (3, 4). The European 
Union (EU) spent about €201 billion 
(USD211 billion) between 2014 and 2020 
on climate change mitigation (4) and plans 
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to invest another €118 billion (USD124 bil- 
lion) between 2021 and 2027 (5), an aver- 
age of almost €23 billion (USD24 billion) 
per year. This sum far exceeds the amount 
spent on biodiversity by the entire interna- 
tional community, estimated to be between 
USD4 billion and USD10 billion per year (4, 
6). By funding biodiversity efforts as well 
as climate change solutions, international 
coalitions can deliver a more effective 
response to both challenges. 

The international community has 
recently taken steps toward better fund- 
ing biodiversity efforts. At the Global 
Environment Facility’s Seventh Assembly in 
Vancouver, Canada, in 2023, 186 countries 
agreed to create the Global Biodiversity 
Framework Fund to increase investment 
in restoration and renewal of nature (7), 
and two countries—Canada and the United 
Kingdom—committed to initial contribu- 
tions of CAD200 million (USD161 million) 
and £10 million (USD12 million), respec- 
tively (7). The fund promises to mobilize 
resources from public, private, and philan- 
thropic sources, with a focus on biodiversity 
and ecosystem sustainability (7). 

This biodiversity fund will allow invest- 
ment in crucial protection of natural ecosys- 
tems, which will also serve as a cost-effec- 
tive way to mitigate climate change. For 
example, Brazil’s “conservation units” (pro- 
tected areas) have all been created to pre- 
serve biodiversity, yet they provide impor- 
tant climate benefits by maintaining carbon 
stocks and recycling water (8). Although 
the immediate goal is to protect existing 
carbon stocks in intact ecosystems, global 
land vegetation can sequester an extra 13.7 
gigatons of carbon per year if additional 
management practices are adopted (9). Wild 
animals and their ecosystem roles are key 
components of natural climate solutions 
that can potentially sequester 6.5 gigatons 
of carbon per year (10). 

Biodiversity (4) and ecosystem function 
(2) must be included in responses to climate 
change, including the discussions about 
resource allocation during 2023 United 
Nations Climate Change Conference, or 
Conference of the Parties (COP) Climate 28, 
which begins on November 30, as well as 
at COP Biodiversity 16 and COP Climate 29, 
both scheduled for 2024. Focusing on these 
issues equally is imperative to ensure a bal- 
anced distribution of economic resources, 
reflecting their comparable importance and 
impact on humanity. 
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The Asiatic cheetah’s 
road to extinction 


The expansion of road networks in Iran has 
substantially affected the critically endan- 
gered Asiatic cheetah (1-4). Since 2004, at 
least 23 Asiatic cheetahs have been killed in 
vehicle collisions (4). The worldwide Asiatic 
cheetah population is now estimated to be 
fewer than 20 adults, all of whom live in 
Tran (5). The country must take immediate 
action to protect the species from extinction. 

Ten cheetahs, one of which was pregnant, 
have been killed on Semnan-Mashhad Road 
alone (6), which is located at the periphery 
of the Touran Biosphere Reserve, suppos- 
edly the last remaining sanctuary for Asiatic 
cheetahs (2). In 2018, Iran established a 
3-km fenced area near the reserve to prevent 
cheetahs from accessing the road (6). After 
the fence was built, cheetah road accidents 
ceased until 2022 (6). However, because the 
fence only covered part of the reserve’s bor- 
der and no monitoring was implemented, 
it is unclear whether the temporary halt 
in road-kills resulted from the interven- 
tion. Iran has proposed several additional 
collision mitigation measures, including 
extending the fence from 3 km to 36 km on 
both sides of the road, retrofitting culverts 
under the road as wildlife corridors, install- 
ing roadway lighting, and deploying speed 
control cameras (7). 

Insufficient funding, exacerbated by 
the devaluation of the Iranian rial (8, 9), 
poses a substantial obstacle to minimizing 
the number of Asiatic cheetahs killed on 


roads. Nongovernmental organizations 
have launched donation campaigns but 
struggle to raise the USD2 million that the 
fence extension proposal estimates will be 
required (10). The Ministry of Roads and 
Urban Development of Iran has pledged 
cooperation with the Iran Department of 
Environment (DOE) to fund about 15 km 
of fencing (7). The Conservation of Asiatic 
Cheetah Project was established to reverse 
the decline of the Asiatic cheetah (17), but 
suspended operations after difficulties 
collaborating with Iranian government 
officials. Reinstating it could improve con- 
servation efforts. Moving forward, Iran 
should track the success of its interventions 
to identify the most effective conservation 
strategies. However, the most immediate 
need is stronger commitments from DOE 
and nongovernmental organizations to 
implement and evaluate the effectiveness of 
every possible intervention that could save 
this species from global extinction. 
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SPINTRONICS 


Controlling spin-waves with a superconductor 


he ability to control spin and charge transport on a chip has revolutionized information technology. For spintronics, the collective 
spin excitations of magnetic materials, known as spin-waves, have emerged as a promising platform that can offer new functional- 
ities because of their wave nature. However, control of the spin-waves has remained a formidable challenge. Borst et al. show that 
the diamagnetism of a superconductor can be used to shape the magnetic environment that governs the transport of spin-waves 
in a magnetic thin film. Magnetic imaging showed how the diamagnetism leads to spin-waves with strongly altered, temperature- 
tunable wavelengths. Control of spin-wave transport using the diamagnetic response of a superconducting gate will be important for 
developing device applications. —ISO Science, adj7576, this issue p. 430 


Artist’s depiction of spin-wave transport within a superconductor 


PLANT SCIENCE 
Initiating the 

Casparian strip 

Plant roots contain a lignin- 
based diffusion barrier called 
the Casparian strip that con- 
trols nutrient balance. Gao et al. 
found that a family of dirigent 
proteins controls the synthe- 
sis of lignin at the Casparian 
strip. The authors established a 


SCIENCE science.org 


two-stage process of synthesis 
in which the dirigent proteins 
initiate lignin biosynthesis in 
plasma membrane patches. 
After this, gaps between the 
patches are filled in by the 
previously described Schengen 
pathway. The work extends 
our understanding of complex 
polysaccharide patterning in the 
plant extracellular space. -MRS 
Science, adi5032, this issue p. 464 


IMMUNOLOGY 
Translation-dependent 


IL-17 generation 
Interleukin-17 (IL-17)—produc- 

ing CD4* helper T (T,,17) cells 
mediate chronic inflammation 

in autoimmune diseases. Revu 

et al. uncovered a nuclear role 

for the phospholipid PIP, in IL-17 
production by T,,17 cells. During 
the differentiation of human naive 
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CD4*T cells into T,,17 cells in 
vitro, PIP, was enriched in nuclei 
ina manner dependent on the 
kinase PIP5K1w. Nuclear PIP, 
facilitated the translation of /L17A 
mRNA and IL-17 protein produc- 
tion. CD4* T cells from multiple 
sclerosis patients treated with a 
PIP5K1a inhibitor secreted less 
IL-17A than untreated cells. —JFF 
Sci. Signal. (2023) 
10.1126/scisignal.abo6555 
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Electron-induced 
lattice softening 


n solid state materials, changes 
in the crystal lattice are often 
accompanied by changes in the 
electronic system. Whether the 
attice or the electrons is the pri- 
mary driver of a transition may, 
however, be difficult to ascertain. 
oad et al. measured the Young's 
modulus in the extremely clean 
material Sr,RuO, as it underwent 
an electronic (Lifshitz) transi- 
tion. The researchers found a 
arge drop in the Young’s modu- 
us at the transition, suggesting 
that conduction electrons drive a 
nonlinear elastic response in this 
material. —JS 

Science, adf3348, this issue p. 447 


Metal switch 
expands activity 


DNA polymerases, like most 
enzymes, are specific for their 
native substrates, deoxyribo- 
nucleotides, and have carefully 
tuned active site chemistry 
that can be challenging to 
adapt. Lelyveld et al. performed 
time-resolved x-ray crystal- 
lography on a DNA polymerase 
variant that accepts a 3'-amino 
sugar, catalyzing the formation 
of phosphoramidate linkages 
instead of the natural phospho- 
diester bonds. They found that 
the two metal ions respon- 
sible for catalysis in the native 
enzyme were disrupted, and 
only a single divalent metal ion 
was involved in catalysis in this 
variant enzyme. The authors 
used this insight to propose 
trivalent rare earth metal ions 
as an alternative cofactor. The 
addition of scandium(III) yielded 
the most proficient phos- 
phoramidate—DNA polymerase 
variant. -MAF 

Science, adh53339, this issue p. 423 


Decoding human gut 
endocrine cell fate 


Enteroendocrine cells (EECs) 
reside in the epithelium of the 


digestive tract and produce 
various hormones involved in 
metabolism. The generation of 
different EEC lineages is gov- 
erned by a dedicated network of 
transcription factors. However, 
given the low efficiency of EEC 
specification from adult stem 
cells, it has been difficult to 
elucidate the components of 
this regulatory network. Lin et 
al. used an optimized human 
small intestinal organoid culture 
system to perform an unbiased, 
systematic screen for transcrip- 
tion factors that regulate EEC 
differentiation. The screen impli- 
cated ZNF800 as a key factor 
exerting a dominant repressive 
role in controlling the endocrine 
transcription factor network. 
This work showcases the use 

of optimized human organoids 
for CRISPR-based functional 
screens, paving the way for the 
identification of additional regu- 
lators in human gut physiology 
and pathophysiology. -SMH 
Science, adi2246, this issue p. 451 


Unraveling congenital 
ZIKV syndrome 


Pregnant women infected with 
Zika virus (ZIKV) can verti- 
cally transmit the virus to their 
fetuses, and this has been linked 
to congenital ZIKV syndrome 
(CZS). Understanding how 
ZIKV infection affects prenatal 
and neonatal development 
is critical for human health. 
Saron et al. and Moadab et al. 
used cynomolgus and rhesus 
macaque models, respectively, 
to understand how maternal 
ZIKV infection influences fetal 
development. Saron et al. found 
that preexisting immunity to 
dengue virus, a related flavivi- 
rus, worsened the severity of 
CZS. Moadab et al. found that 
maternal ZIKV infection alone 
was sufficient to reduce infant 
size and affect social behaviors. 
Together, these studies shed 
light on the impacts of ZIKV 
infection on fetal and early life 
development. —CNF and CM 
Sci. Transl. Med. (2023) 
10.1126/scitransimed.adh0043, 
10.1126/scitranslmed.add2420 
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EVOLUTION 
Prehistory of neurons 


ree-living marine placozoans 
are considered the simplest 
animals on Earth. Their bodies 
resemble a disk and consist 
of six to nine cell types. They 
move by ciliary beating, consume 
food particles through engulfment, 
and reproduce by fission. However, 
Najle et al. have shown that these 
tiny, unassuming creatures may 


hold the secret to the evolution of the 

complex nervous systems of higher 

animals. Placozoans do not have neurons; 

instead, the collective behavior of their 

cells is controlled by neuropeptides secreted 

by peptidergic cells. Detailed investigation of 

these cells revealed unexpected diversity in cell 

types and functional specificities. More surpris- 

ingly, these cells expressed many of the genes found 

in evolved nervous systems and differentiate from stem 
cells through a pathway that resembles neurogenesis in 


higher animals. —DJ 


Cell (2023) 10.1016/j.cell.2023.08.027 


The disc-shaped aggregates of cells called 
placozoans are among the most basal of animals. 


Pregnancy and 
job security 


Pregnancy loss is a seldom 
discussed public health issue 
that affects women and their 
partners’ health and well- 
being. At the population level, 
psychosocial stressors such as 
economic downturns or natural 
disasters can increase risks of 
adverse pregnancy outcomes. 
However, at the individual level, 
the stress from becoming 
unemployed may also increase 
a woman's risk of a stillbirth or 
miscarriage. Using longitudi- 
nal, representative data from 


40,000 households in the UK, 
Di Nallo and Koksal examined 
the risks of job losses to preg- 
nancy outcomes. They found 
that involuntary job losses of 
the pregnant woman or her 
partner increased the odds 
of pregnancy losses, whereas 
expected, non-involuntary job 
interruptions did not. —EEU 
Hum. Reprod. (2023) 
10.1093/humrep/dead183 


A chain of infinities 
Catenanes are interlocked 
molecular rings akin to 
the linked segments ina 
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MOLECULAR BIOLOGY 
Toward one-step 


gene editing 
Programmable DNA targeting 
has improved rapidly over the 
past decade, primarily as a result 
of the development of CRISPR- 
Cas systems, which allow precise 
cleavage of target sequences. 
However, this approach relies 
on cellular DNA repair pathways 
for the subsequent gene-editing 
step, which introduces het- 
erogeneity that represents a 
safety concern. In a Perspective, 
Tang and Sternberg propose 
retroelement-based gene editing 
as a Safer alternative to CRISPR- 
Cas approaches. Retroelements 
are endogenous DNA segments 
that use the host cell’s RNA 
polymerase to generate an RNA 
copy of themselves, which is 
then turned into complementary 
DNA by a reverse transcrip- 
tase and incorporated into the 
genome elsewhere. Recent stud- 
ies have provided information 
on the mechanisms underlying 
this process and raise the hope 
that they can be exploited for 
programmable DNA targeting in 
the future. —SAL 

Science, adi3183, this issue p. 370 


ANTHROPOLOGY 
Another menopausal 
primate 


Menopause occurs in all known 
human societies; however, it 

is not common to all mam- 

mals and has so far only been 
observed in humans and a few 
toothed whale species. Wood et 
al. looked at demographic and 
endocrine data in a long-studied 
population of chimpanzees 

in Uganda and found clear 
evidence for menopause in 
females living past the age of 50 
(see the Perspective by Cant). 
Unlike the case for humans 

and toothed whales, however, 
postreproductive chimps in this 
population are not involved in 
the raising of related offspring, 
suggesting that a different 


415-B 


process is driving its develop- 
ment. —SNV 
Science, add5473, this issue p. 416; 
see also adk7119, p. 368 


NEUROSCIENCE 
Concept cells 
in nonhuman primates 


There are numerous animal 
studies showing that single 
neurons encode the identity of 
conspecifics from social signals 
in different sensory modalities 
such as olfaction, vision, or audi- 
tion. However, there has been no 
demonstration in a nonhuman 
animal that these unimodal 
signals are integrated into a 
cohesive cross-modal represen- 
tation of individual identity. Tyree 
et al. performed single-neuronal 
recordings in marmosets pre- 
sented with pictures and sounds 
from conspecifics (see the 
Perspective by Wirth). A subpop- 
ulation of neurons responded 
selectively to both the face and 
voice of individual animals, much 
like concept neurons in the 
human medial temporal lobe. 
Furthermore, animal identity 
could be successfully decoded 
from the neuronal population 
activity, along with aspects of 
social relationships such as 
being a family member. —PRS 
Science, adf0460, this issue p. 417; 
see also adk8413, p.372 


PHOTONICS 
Stabilizing frequency 
combs 


The generation of stable and 
controllable optical frequency 
combs has important impli- 
cations for applications in 
metrology and precision 
spectroscopy. Heckelmann et 
al. propose and demonstrate a 
quantum walk laser in syn- 
thetic frequency space (see the 
Perspective by Corrielli). The 
technique allows for the develop- 
ment of a frequency comb laser 
based on a coherent walk in 
frequency space combined with 
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a fast-gain medium. Also appli- 
cable to optical wavelengths, 
the approach provides a flexible 
route to generating stable and 
broadband frequency combs 
across a range of wavelengths 
for precision sensing and com- 
munication applications. —ISO 
Science, adj3858, this issue p. 434; 
see also adl0611, p. 374 


ORGANIC CHEMISTRY 
Enriching alcohols 
coming and going 
Asymmetric catalysis gener- 
ally relies on biasing a single 
step in a reaction to favor one 
of two possible mirror-image 
products. This approach places 
a high premium on ligand 
optimization. Wen et al. report a 
light-driven deracemization of 
alcohols in which a single chiral 
titanium catalyst differentiates 
stereochemistry in both a photo- 
initiated bond cleavage step and 
a subsequent bond reformation 
step (see the Perspective by 
Kim and Sarpong). Neither step 
alone is exceptionally selective, 
but the cumulative combination 
leads to enantiomeric ratios 
ranging from 90:10 to 99:1 
across a variety of substrates. 
—JSY 

Science, adj0040, this issue p. 458; 

see also adk7116, p. 373 


QUANTUM GASES 
The dynamics of an 
unusual transition 


Cooling two-dimensional 
many-body systems to low 
temperatures causes them 

to undergo the so-called 
Berezinskii-Kosterlitz-Thouless 
(BKT) transition to a superfluid 
phase. The BKT transition differs 
from the more conventional 
ones in three dimensions, and 
although it has been studied 
extensively for equilibrium 
systems, its dynamic version is 
relatively unexplored. Sunami 
et al. studied the dynamics of 
a two-dimensional Bose gas of 


rubidium atoms after a quench 
across the BKT transition. To cre- 
ate the quench, the researchers 
split the superfluid gas in half, 
causing each half to undergo a 
transition to the normal phase. 
Matter-wave interferometry 
revealed universal scaling laws in 
accordance with theory. —JS 
Science, abq6753, this issue p. 443 


TUMOR IMMUNOLOGY 
A fine-tuned balance 


Intratumoral exhausted CD8* 
stem- or progenitor-like T cell 
(Tog) and terminally differenti- 
ated T cells (T,,,,,,) mediate 
antitumor immunity and 
response to immunotherapy. 
Sun et al. investigated how 
exhausted CD8* T cells are tran- 
scriptionally regulated in murine 
tumor models, finding that the 
transcription factors BCL6 and 
BLIMPI reciprocally regulate T 
cell fates. BCL6 promoted the 
long-term persistence of T,,,., 
cells in response to TGF-B- 
SMAD2 signaling by repressing 
the T,__,, transcriptional program. 
Conversely, interleukin-2—STAT5 
signaling repressed BCL6, 
resulting in BLIMP1 transcription 
and subsequent T,._ differentia- 
tion. These findings identify a 
regulatory network that controls 
CD8* T cell exhaustion in cancer, 
which could be targeted to alter 
the balance of T,,,., and T,,,,, cells 
and improve responses to immu- 
notherapy. —HMI 

Sci. Immunol. (2023) 
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Electron-induced 
lattice softening 


n solid state materials, changes 
in the crystal lattice are often 
accompanied by changes in the 
electronic system. Whether the 
attice or the electrons is the pri- 
mary driver of a transition may, 
however, be difficult to ascertain. 
oad et al. measured the Young's 
modulus in the extremely clean 
material Sr,RuO, as it underwent 
an electronic (Lifshitz) transi- 
tion. The researchers found a 
arge drop in the Young’s modu- 
us at the transition, suggesting 
that conduction electrons drive a 
nonlinear elastic response in this 
material. —JS 

Science, adf3348, this issue p. 447 


Metal switch 
expands activity 


DNA polymerases, like most 
enzymes, are specific for their 
native substrates, deoxyribo- 
nucleotides, and have carefully 
tuned active site chemistry 
that can be challenging to 
adapt. Lelyveld et al. performed 
time-resolved x-ray crystal- 
lography on a DNA polymerase 
variant that accepts a 3'-amino 
sugar, catalyzing the formation 
of phosphoramidate linkages 
instead of the natural phospho- 
diester bonds. They found that 
the two metal ions respon- 
sible for catalysis in the native 
enzyme were disrupted, and 
only a single divalent metal ion 
was involved in catalysis in this 
variant enzyme. The authors 
used this insight to propose 
trivalent rare earth metal ions 
as an alternative cofactor. The 
addition of scandium(III) yielded 
the most proficient phos- 
phoramidate—DNA polymerase 
variant. -MAF 

Science, adh53339, this issue p. 423 


Decoding human gut 
endocrine cell fate 


Enteroendocrine cells (EECs) 
reside in the epithelium of the 


digestive tract and produce 
various hormones involved in 
metabolism. The generation of 
different EEC lineages is gov- 
erned by a dedicated network of 
transcription factors. However, 
given the low efficiency of EEC 
specification from adult stem 
cells, it has been difficult to 
elucidate the components of 
this regulatory network. Lin et 
al. used an optimized human 
small intestinal organoid culture 
system to perform an unbiased, 
systematic screen for transcrip- 
tion factors that regulate EEC 
differentiation. The screen impli- 
cated ZNF800 as a key factor 
exerting a dominant repressive 
role in controlling the endocrine 
transcription factor network. 
This work showcases the use 

of optimized human organoids 
for CRISPR-based functional 
screens, paving the way for the 
identification of additional regu- 
lators in human gut physiology 
and pathophysiology. -SMH 
Science, adi2246, this issue p. 451 


Unraveling congenital 
ZIKV syndrome 


Pregnant women infected with 
Zika virus (ZIKV) can verti- 
cally transmit the virus to their 
fetuses, and this has been linked 
to congenital ZIKV syndrome 
(CZS). Understanding how 
ZIKV infection affects prenatal 
and neonatal development 
is critical for human health. 
Saron et al. and Moadab et al. 
used cynomolgus and rhesus 
macaque models, respectively, 
to understand how maternal 
ZIKV infection influences fetal 
development. Saron et al. found 
that preexisting immunity to 
dengue virus, a related flavivi- 
rus, worsened the severity of 
CZS. Moadab et al. found that 
maternal ZIKV infection alone 
was sufficient to reduce infant 
size and affect social behaviors. 
Together, these studies shed 
light on the impacts of ZIKV 
infection on fetal and early life 
development. —CNF and CM 
Sci. Transl. Med. (2023) 
10.1126/scitransimed.adh0043, 
10.1126/scitranslmed.add2420 
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EVOLUTION 
Prehistory of neurons 


ree-living marine placozoans 
are considered the simplest 
animals on Earth. Their bodies 
resemble a disk and consist 
of six to nine cell types. They 
move by ciliary beating, consume 
food particles through engulfment, 
and reproduce by fission. However, 
Najle et al. have shown that these 
tiny, unassuming creatures may 


hold the secret to the evolution of the 

complex nervous systems of higher 

animals. Placozoans do not have neurons; 

instead, the collective behavior of their 

cells is controlled by neuropeptides secreted 

by peptidergic cells. Detailed investigation of 

these cells revealed unexpected diversity in cell 

types and functional specificities. More surpris- 

ingly, these cells expressed many of the genes found 

in evolved nervous systems and differentiate from stem 
cells through a pathway that resembles neurogenesis in 


higher animals. —DJ 


Cell (2023) 10.1016/j.cell.2023.08.027 


The disc-shaped aggregates of cells called 
placozoans are among the most basal of animals. 


Pregnancy and 
job security 


Pregnancy loss is a seldom 
discussed public health issue 
that affects women and their 
partners’ health and well- 
being. At the population level, 
psychosocial stressors such as 
economic downturns or natural 
disasters can increase risks of 
adverse pregnancy outcomes. 
However, at the individual level, 
the stress from becoming 
unemployed may also increase 
a woman's risk of a stillbirth or 
miscarriage. Using longitudi- 
nal, representative data from 


40,000 households in the UK, 
Di Nallo and Koksal examined 
the risks of job losses to preg- 
nancy outcomes. They found 
that involuntary job losses of 
the pregnant woman or her 
partner increased the odds 
of pregnancy losses, whereas 
expected, non-involuntary job 
interruptions did not. —EEU 
Hum. Reprod. (2023) 
10.1093/humrep/dead183 


A chain of infinities 
Catenanes are interlocked 
molecular rings akin to 
the linked segments ina 
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macroscopic chain. Recent 
research has focused on meth- 
ods to extend catenane chains to 
form polymeric materials. Liu et 
al. have now added a twist—lit- 
erally—by designing ligands to 
curve around silver ions. They 
prepared chains in which the 
catenanes are twisted into figure- 
eight shapes, or perhaps more 
appropriately, infinity symbols 
() extending to infinity. The 
actual polymers are of course 
finite and were characterized 
by crystallography, absorption 
spectroscopy, and electron 
microscopy. —JSY 

Angew. Chem. Int. Ed. (2023) 

10.1002/anie.202314481 


SCIENCE science.org 


GEOLOGY 
Recreating early crust 


The processes that created 
Earth's earliest crust more 
than 4 billion years ago con- 
tinue to be debated. Hastie et 
al. turned to analog experi- 
ments to better constrain the 
conditions under which the 
early crust formed. By melt- 
ing material that the authors 
believe represents the compo- 
sition of Earth's ancient crust, 
they discovered that it could 
not form above 50 kilometers 
depth. To generate melts at 
this depth requires subduction 
or subduction-like processes 


and suggests that at least some 
form of plate tectonics was 
operating then on the early 
Earth. —-BG 
Nat. Geosci. (2003) 
10.1038/s41561-023-01249-5 


NEUROSCIENCE 
Reward expectation 
in fruit flies 


Foraging animals need to 
make rapid decisions during 
changing conditions. Operant 
matching, in which choices 
between options are divided 
in proportion to the rewards 
received, is an ubiquitous deci- 
sion-making strategy adapted 
to dynamically changing 
environments. However, little 
is known about the underlying 
neurobiological mechanisms. 
To find out more, Rajagopalan 
et al. applied behavioral 
analysis, optogenetics, and 
computational modeling to the 
fruit fly, Drosophila melano- 
gaster. A foraging task was 
designed in which choices 
made by individual fruit flies 
could be monitored, and it con- 
firmed that the flies’ behavior 
adhered to operant matching. 
Further, the authors found that 
flies’ synaptic plasticity allowed 
expectation of reward through 
the protocerebral anterior 
medial dopaminergic neurons. 
—PRS 
Proc. Natl. Acad. Sci. U.S.A. (2023) 
10.1073/pnas.2221415120 


BONE MARROW 
Reservoir bones 


Within bone marrow, blood ves- 
sel endothelial cells can secrete 
factors that are required for 
bone homeostasis and hema- 
topoiesis. While surveying the 


taxonomy of bone marrow cells 
by single-cell RNA sequencing, 
Iga et al. identified a distinc- 
tive, and previously unknown, 
subtype of capillary endothelial 
cell within the femurs of mice. 
These were located specifically 
at the epiphyseal region of the 
long bone, a section mostly 
ignored when analyzing the 
constituents of bone marrow. 
In addition to producing type 

| collagens that strengthen 
bones, the epithelial cells may 
also form a niche for hemato- 
poietic stem cells. —SHR 


Nat. Cell. Biol. (2023) 
10.1038/s41556-023-01240-7 


OPTICS 
Imaging by ray shifting 
not bending 


Imaging objects with conven- 
tionally shaped glass lenses or c 
thinner versions in the form of 
metalenses comprising engi- 
neered arrays of subwavelength 
resonators both produce an ‘ 
inverted image. Each method 
works on the premise of bend- 

ing light waves, so precise 
alignment of imaging compo- 
nents is required to produce a 
sharp, upright image. Liu et al. 
describe an ultrathin reciprocal 
lens in which imaging is based 

on laterally shifting the light 

rays rather than bending them. . 
Demonstrating the principle ina ¢ 
photonic crystal slab, the single 
reciprocal lens eliminates the 

need for alignment to produce 

an upright image. The ray- 

shifting mechanism provides an 
alternate route for the develop- 
ment of optical components for 
imaging and wavefront shaping. 
—|SO 


Phys. Rev. X (2023) 
10.1103/PhysRevXx.13.031039 


Alizarin red staining of infant mouse femur to observe ossification and blood 
vessel development 
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Demographic and hormonal evidence 
for menopause in wild chimpanzees 


Brian M. Wood*, Jacob D. Negrey, Janine L. Brown, Tobias Deschner, Melissa Emery Thompson, 
Sholly Gunter, John C. Mitani, David P. Watts, Kevin E. Langergraber* 


INTRODUCTION: It is not obvious why selection 
should favor menopause or the continued sur- 
vival of individuals that can no longer repro- 
duce. Among mammals, substantial numbers 
of post-reproductive females living under 
natural conditions in the wild have only been 
observed in humans and a few whale species. 
The rarity of this trait makes it both interest- 
ing and difficult to study. Data from our close 
primate relatives are especially valuable for 
the reconstruction and causal modeling of hu- 
man life history evolution. In this study, we 
combined demographic and hormonal data 
to investigate post-reproductive life spans and 
their underlying physiological mechanisms in 
chimpanzees (Pan troglodytes schweinfurthit), 
who, along with bonobos, are humans’ closest 
living relatives. 


RATIONALE: We examined the mortality and 
fertility rates of 185 female chimpanzees in the 
Ngogo community of wild chimpanzees in 
Kibale National Park, Uganda, from 21 years 
of observation (1995-2016). We calculated the 
demographic measure PrR (post-reproductive 
representation), representing the fraction of 
adult life spent in a post-reproductive state. 
Human menopause, the nonpathological and 
permanent cessation of ovarian function result- 


ing from the depletion of ovarian follicles, is re- 


flected in increasing levels of follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH) 
and decreasing levels of ovarian steroid hor- 
mones (estrogens and progestins). To assess 
whether Ngogo females undergo humanlike 
menopause, we analyzed age-associated trends 
in five hormones measured in 560 urine sam- 
ples from 66 females of varying reproductive 
status and age (range: 14 to 67 years). 


RESULTS: As in other chimpanzee populations 
and humans, fertility declined after age 30, and 
no births were observed after age 50. Unlike 
other chimpanzee populations, but as in hu- 
mans, it was not unusual for Ngogo females 
to live past the age of 50 (N = 16 females). The 
observed PrR value was 0.195, indicating that 
a female who reached adulthood (age 14) was 
post-reproductive for about one-fifth of her 
adult life, around half as long as human hunter- 
gatherers. Hormonal measures show that Ngogo 
females experience a reproductive transition 
similar to that of humans, characterized by in- 
creasing levels of FSH and LH and declining 
levels of estrogens and progestins as they un- 
dergo menopause. 


CONCLUSION: Menopause ends reproduction 
around the age of 50 in both humans and wild 
chimpanzees. Substantial PrR has not been 


previously observed in any wild primate } Che: 


C 


fe 


ulation, chimpanzees included. One ex,-~ 
nation for this discrepancy is that substantial 
PrR could be a temporary response to unusually 
favorable ecological conditions at Ngogo, includ- 
ing low levels of predation, high food availabil- 
ity, and successful between-group competition. 
A second possibility is that substantial PrR is 
an evolved, species-typical trait in chimpan- 
zees, which has not been observed elsewhere 
owing to recent negative human impacts, es- 
pecially disease epidemics. The grandmother 
hypothesis suggests that older females could 
evolve to live past their reproductive years to 
help increase their daughters’ fertility or their 
grandoffsprings’ survival. This is unlikely to 
apply to chimpanzees, whose aged females 
generally live apart from their daughters, as 
daughters leave their natal groups at adulthood. 
In the context of female-biased dispersal, a 
more relevant theory may be the reproduc- 
tive conflict hypothesis, which highlights the 
fact that after migrating into a new group, 
females become increasingly related to other 
group members as they age and face compe- 
tition with younger females for limited breed- 
ing opportunities. The oldest females might 
stop reproducing in order to limit the inclusive 
fitness costs of that competition. The grand- 
mother and reproductive conflict hypotheses 
are not mutually exclusive alternatives, and both 
may be required to explain why all human so- 
cieties have higher PrR than documented here 
for chimpanzees. 
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Three post-reproductive female chimpanzees. From left to right are MARL (died at age 69), MAR (died at 64), and Sutherland (still living at age 61). 
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Demographic and hormonal evidence 
for menopause in wild chimpanzees 
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Among mammals, post-reproductive life spans are currently documented only in humans and a few 
species of toothed whales. Here we show that a post-reproductive life span exists among wild 
chimpanzees in the Ngogo community of Kibale National Park, Uganda. Post-reproductive representation 
was 0.195, indicating that a female who reached adulthood could expect to live about one-fifth 

of her adult life in a post-reproductive state, around half as long as human hunter-gatherers. 
Post-reproductive females exhibited hormonal signatures of menopause, including sharply increasing 
gonadotropins after age 50. We discuss whether post-reproductive life spans in wild chimpanzees occur 
only rarely, as a short-term response to favorable ecological conditions, or instead are an evolved 
species-typical trait as well as the implications of these alternatives for our understanding of the 


evolution of post-reproductive life spans. 


n most wild vertebrates, the period of sur- 

vival past the age of last reproduction is 

short, but the evolution of long life spans 

in humans is associated with a substan- 

tial post-reproductive period. In this study, 
we investigated whether a population of wild 
chimpanzees with long life expectancy ex- 
perience menopause and exhibit significant 
post-reproductive survival. Demographic and 
behavioral data have been collected from the 
Ngogo community of wild chimpanzees in 
Kibale National Park, Uganda, since 1995. We 
examined demographic data covering the 
years 1995-2016, including 1611 chimpanzee 
risk years (i.e., the cumulative time that in- 
dividuals in this study were demographically 
monitored) for measures of female mortality 
and fertility (2 = 185 females). To assess post- 
reproductive survival at Ngogo, we calculated 
rates of fertility and survivorship across all 
ages, identified females that lived well be- 
yond their last births, and calculated the post- 
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reproductive representation (PrR) statistic (1), 
which represents the fraction of female adult 
years lived in a post-reproductive state. 

In humans, reproductive cessation occurs 
by means of menopause, the permanent non- 
pathological age-associated cessation of ovar- 
ian function resulting from depletion of the 
lifetime supply of ovarian follicles (2). How- 
ever, there are many other potential causes 
of sterility that can manifest with age, such as 
fetal loss, endometriosis, or infections in the 
reproductive tract (3). Studies of captive chim- 
panzees have produced conflicting evidence 
about the timing or existence of menopause, 
probably because researchers have used dif- 
ferent measures of follicular depletion (e.g., 
postmortem counts of ovarian sections, obser- 
vations of sexual swellings) and have included 
very few individuals in the age range where 
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menopause is expected to occur (4-7). To assess 
whether Ngogo female chimpanzees experi- 
ence menopause, we analyzed variation in the 
concentration of five hormones diagnostic of 
menopause. These were measured in 560 urine 
samples from 66 females that differed in repro- 
ductive status and age (range: 14: to 67 years). We 
compared the patterns found in our sample of 
chimpanzees with those from previous endo- 
crinological studies of human females. 


Results 
Post-reproductive representation 


The pattern of fertility at Ngogo resembles that 
in other chimpanzee communities (Fig. 1A). 
Probabilities of giving birth per year decline 
after around age 30, and reproduction ends near 
age 50, as in humans (8, 9). However, whereas 
females in other chimpanzee communities rare- 
ly live past age 50, 16 females at Ngogo have 
survived past this age (Fig. 1B). 

We categorized females as post-reproductive 
if they were at least 40 years old and lived a 
long time after their last birth, using the def- 
inition provided by Caro and colleagues (0). 
This definition identifies post-reproductive fe- 
males as those who lived past the age of their 
last reproduction for longer than the mean plus 
two standard deviations of successful, closed in- 
terbirth intervals for their population. We calcu- 
lated this value as 7.9 years at Ngogo [5.5 + (2 x 
1.2)]. Eleven of the 34 Ngogo females who sur- 
vived to age 40 (32.4%) were post-reproductive 
by this criterion (Fig. 2). Nine of these 11 females 
lived at least 10 years past their age of last re- 
production, and, on average, they were observed 
for 14.1 years without giving birth (SD = 4.6) 
(Fig. 2). Six of the 11 post-reproductive females 
lived past the end of our formal observation 
window in 2016, including three who are still 
alive now (as of 12 October 2023). 

This demographic approach for assaying 
post-reproductive life spans has several short- 
comings (1). The criterion of living 7.9 years 
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Fig. 1. Ngogo female fertility and survivorship. Female age-specific fertility rates, ASFR, were calculated 
for each 5-year age group by dividing the total number of births by the years of life observed in females of 
each age group. (A) Ngogo ASFR (4SE, in gray) and a composite sample of six other wild chimpanzee 
communities reported by Emery Thompson et al. (8). (B) Plot of the probability of female survival to each age 
(Ix) [updated from Wood et al. (65)] and a composite sample of five other wild chimpanzee communities (8). 
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Fig. 2. Ngogo post-reproductive females (1995- 
2016). Their age at entry to the study is shown 

by yellow points, and age when giving birth (observed 
or inferred) is shown by red points. Age when exiting 
the study is represented by blue points if they were 
alive at the end of the study period, or by blue 
crosses if they died during the study period. 
Numbers plotted next to chimpanzee IDs describe 
the urine samples collected for hormonal analyses 
for that individual. Group 1 contributed samples 

to the analysis of FSH, LH, and ovarian steroid 
hormones; group 2, only FSH; and group 3, only 
ovarian steroid hormones. No urine samples were 
collected from individual BES. 


beyond their last birth is likely to miss iden- 
tifying truly post-reproductive females who 
died before reaching that milestone (i.e., false 
negatives). Furthermore, if interbirth intervals 
increase with age, some “post-reproductive” fe- 
males may yet reproduce in the future (i.e., false 
positives), although none of the three living 
females in the sample have done so at the time 
of this writing. Finally, even if senescence of 
the reproductive system typically occurs at the 
same rate as senescence of the rest of the body, 
some individuals will deviate from this pattern 
and stop reproducing well before they die. These 
considerations indicate the need for alternative 
methods to determine whether the frequency 
and duration of post-reproductive life spans are 
sufficiently large to reject the null hypothesis 
that somatic and reproductive senescence occur 
in parallel. 

A more informative demographic approach 
is to calculate the post-reproductive representa- 
tion (PrR) statistic, which represents the fraction 
of female adult years lived in a post-reproductive 
state. This statistic can be validly compared 
across populations that vary in longevity. The 
calculation uses the equation 


PrR = Tu [Te 


where 7}, is the expected life years lived be- 
yond age M, Tz is the expected life years lived 
beyond age B, M is the age at which 95% of 
lifetime fertility has been realized, B is the age 
at which 5% lifetime fertility has been realized, 
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and Ty, is calculated from life tables using the 
formula T, = 1, x @,, where 1, is the proportion 
of individuals surviving to exact age x, and e, is 
future life expectancy at x. 

When survival and fertility decline in par- 
allel, PrR will be near 0. The statistical sig- 
nificance of PrR values greater than 0 can be 
determined through demographic simulations 
based on the null hypothesis that declines in 
survivorship and age-specific fertility occur 
simultaneously and at the same rate (J). Ap- 
plying these formulas yields values of 14 years 
for B and 47 years for M at Ngogo, which re- 
sults in values of Thy = 4.88, Tp = 24.97, and 
PrR = 0.195. This PrR value of 0.195 indicates 
that an Ngogo female who reaches adulthood 
can expect to live about one-fifth her life in a post- 
reproductive state. This PrR value is significantly 
different from 0 (see materials and methods), 
leading us to reject the null hypothesis of par- 
allel declines of survivorship and fertility. 

In a study of 52 wild mammal species, in- 
cluding nine nonhuman primates, 49 had PrR 
values close to 0 (range: 0 to 0.036) and not 
statistically different from chance under the 
null hypothesis of parallel declines of survival 
and fertility (12. Similarly, in a study of seven 
wild nonhuman primate species, including 
one chimpanzee population with PrR = 0.022, 
PrR ranged from 0.02 to 0.06 (12). Results of 
prior studies on primates specifically are sum- 
marized in Table 1. Only in humans (e.g., Hadza 
hunter-gatherers, PrR = 0.443), killer whales 
(0.309), and short-finned pilot whales (0.260) 
has PrR been shown to be sufficiently large 
to reject the null hypothesis of concurrent re- 
productive and somatic senescence under con- 
ditions of natural fertility and mortality. Our 
results are thus the first documentation of a 
wild nonhuman primate population that ex- 
hibits substantial and statistically significant 
post-reproductive representation. 


Hormonal indicators of menopause 


In humans, formal diagnosis of menopause 
typically occurs retrospectively, after a woman 
has experienced 12 months of amenorrhea; 
this method of diagnosis is difficult to imple- 
ment given the observational methods used to 
study wild chimpanzees. However, menopause 
also results in a clear endocrinological signature 
in humans. As follicular stocks near depletion, 
the ovaries cannot sustain the levels of estrogen 
and progesterone production necessary for ovu- 
latory cycles. The pituitary gonadotropins lutein- 
izing hormone (LH) and follicle-stimulating 
hormone (FSH) fail to elicit the expected ste- 
roid response, and secretion of these hormones 
consequently increases via negative feedback. 

Endocrinological analyses confirm that Ngogo 
chimpanzees experience menopause (Figs. 3 
and 4). As observed in humans, concentrations 
of ovarian steroid hormones (estradiol, estrone, 
and pregnanediol, a metabolic product of pro- 
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gesterone) were lower in post-reproductive fe- 
males (defined as above: =7.9 years since last 
birth at the time of sample collection) than in 
reproductive females who were regularly ex- 
periencing sexual swellings and thus experi- 
encing ovarian cycles at the time of sample 
collection (2016-2018) (Fig. 3, D to F, and table 
S1). In another similarity to humans, post- 
reproductive female chimpanzees showed ovar- 
ian steroid hormone concentrations comparable 
to those of lactating females, indicating the ab- 
sence of ovarian cycles in both groups (Fig. 3, 
D to F, and tables SI and S82). 

In humans, the largest change in reproduc- 
tive hormones across the menopause transition 
involves gonadotropins. LH and FSH levels 
spike briefly before ovulation in normally cy- 
cling women but are otherwise low, whereas 
both of these hormones increase and remain 
elevated from perimenopause into the post- 
menopausal period. In serum, mean LH lev- 
els are two to five times higher and FSH levels 
are 3 to 15 times higher in post-reproductive 
women than in reproductive women, although 
these differences are also influenced by varia- 
tion in age and breastfeeding status (13-15). 
Limited data suggest that the differences may 
be smaller for urine, with one recent study re- 
porting mean urinary FSH levels approximately 
two times higher in post-reproductive individ- 
uals than in reproductive individuals (16). Al- 
though methodological differences limit the 
utility of precise quantitative comparisons, the 
differences in gonadotropin levels observed 
between reproductive and post-reproductive 
Ngogo chimpanzees fell within the range seen 
in human females. Post-reproductive Ngogo 
chimpanzees had median LH levels 5.6 times 
higher and FSH levels 5.4 times higher than 
those of reproductive females (samples col- 
lected from 2016 to 2018) (Fig. 3, A and B, and 
table S2). In a smaller set of samples collected 
10 years earlier using a different assay and in- 
cluding some individuals not available in the 
later set of samples, FSH levels were 1.8 times 
higher in post-reproductive than in reproduc- 
tive individuals (2006-2007 samples) (Figs. 
3C and 4C and table S2). Individual-level pat- 
terns in the 2016-2018 data (fig. S1) show that 
all post-reproductive females had FSH and LH 
values that were higher than the median for 
reproductive females, except for the post- 
reproductive female with the earliest age of 
reproductive cessation (individual ARE, 34 years) 
(Fig. 2). ARE’s reproductive cessation may have 
therefore been due to a nonmenopausal form 
of secondary sterility, or she may have been 
in the early stages of perimenopause, and we 
underestimated her age (which in our study is 
generally more likely than age overestimation; 
see the Materials and methods section). 

To verify that reproductive cessation generally 
occurred as a result of menopause rather than 
other pathological causes, we also examined the 
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Table 1. Published estimates of post-reproductive representation for nonhuman primates and selected human populations. The statistical test for PrR is 
based on simulations of a null model of parallel declines in fertility and mortality, following the procedure described in (1). An asterisk in the “Source for demographic 
measures” column indicates that age-specific measures of mortality and fertility were calculated from a proprietary International Species Inventory System database (23) 
and used to calculate PrR, but user restrictions prevented the authors from publishing or otherwise sharing the underlying data, life tables, or fertility measures. 


Species Community PrR PrR source PrR statistical significance Source for demographic measures 
Wild nonhuman primates 

Ci eee Ua ia ae ct ee aes 
(Pan troglodytes) 

Ci ee ak tae ries Ppa Roccase ese oe Conia oe Tie ee 
(P. troglodytes) 

atin seochastar ocaee cotdntt tet tenend atta oes asere teas rn eae aa gpa eel ger gta ee gaa 

Mountain gorilla Rwanda 0.04 (12) Not tested (12) 
(G. beringei) 

ea ea ee ee angers 7 aioe aa WH ete no 
(Cercopithecus mitis) 

ee EL aeetitagrttes Heated caetcaes teres toaleeetteen CoG one Sesasiesun tucsisavemseicieatiers Re er cee ie omen 
(C. mitis) 

ae Hi idadeas titel gifs er peneauaesbaeiesteeeeetete PERE ekk ae Be ee Hindeauhennneeaie: Vato eee Eee eee ieee 
(C. mitis) 

epee aa an Bees Ese eoe nA ePnaeeers ane aera i i On ee het Senter ers ases aetna orheee essay ence eenvistisesr eenreseen ( #6) eseeasenese esse 
(Macaca fuscata) Kinkazan Islands, Japan 

ene O Sadie Aurdistovniipiav ect eetenc ee aces HEGRE seuiviseuse eee ares ae Bietpee Mg hues cesses aere Nat Senitican ris aca naaer nreetestae ote ne cen En CS) Siete 
(Macaca mulatta) listed by (29) 

ah oe ene ee Bee ye ee PT Se a ee cre og as 
(Brachyteles hypoxanthus) 

Re a Oe gay Coa goo 
(Papio anubis) 

ue oe ER Py a ii eee HC ee eG 
(Lemur catta) 

PE ee rec ene eta Snes wea a peered (Qos Ch be ee ao eae, 
(Propithecus verreauxi) 

Wan es Son Be ee aes eae ar, gr fees ea 
(P. verreauxi) 

White-headed capuchin Santa Rosa, Costa Rica 0.004 (11) Not significan aa eae a Nae aaa ( 40) Pee aaa 
(Cebus capucinus) 

ici Coote iT ieee’ ci ae a ey ed ae 
(C. capucinus) 

Ce eee oc ee no ee Ct eo ee Tea re 
(Papio cynocephalus) 

Wako oe i ee se ay ee ee aes es 


(P. cynocephalus) 


Chimpanzee Zoo-living composite 0.224 (29) Significan my 
(P. troglodytes) 

i ee ee RG ee gy ee oe ee eee seoeesstesnenteecnenseee 
(Gorilla gorilla) 

GRE ee cae une on ea sipiitiean delet Gtiaiatl ati de dnate sence nears sevseseneneenneennnennee 
(Pongo abelii) 

ee Ce ee ee Se spotesstenecnteneetees 
(Pongo pygmaeus) 
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ee eee as SET a ern) a ec Sou ee eer on eee seosesstesnenteesnenseee 
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(ee a ee Ue oe Hci sevseseeeneenseennnennee 
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Fig. 3. Urinary hormone concentrations in females of different reproductive states. (A) LH in samples 
collected in 2016-2018, (B) FSH 2016-2018, (€) FSH 2006-2007, (D) estradiol 2016-2018, (E) estrone 
2016-2018, and (F) pregnanediol 2016-2018. Boxplots are based on all urine samples rather than averages 
per female. Black dots indicate data points above the third quartile by >1.5x the interquartile range. Median 
values by reproductive category are provided in table S2. For legibility, a few extreme measures have been 
excluded from (D) to (F), but full data ranges are displayed in fig. S3. corr. SG, corrected specific gravity. 


shape of changes in ovarian steroid hormones 
and gonadotropins with age. If Ngogo female 
chimpanzees follow a humanlike pattern of 
FSH changes accompanying menopause at 
around 50 years of age, there should be mod- 
est increases in their FSH levels beginning in 
their 30s, continuing into their early 40s, and 
then followed by a more acute increase start- 
ing around age 45 (13, 17, 18). LH concentra- 
tions are expected to remain relatively stable 
before rising in the mid to late 40s (/8). 
Consistent with the human pattern, FSH 
and LH increased with age (Fig. 4, A to C). To 
examine the shapes of these relationships, 
we evaluated alternative regression fits using 
Akaike’s information criteria corrected for small 
sample sizes (AICc). For the larger 2016-2018 
sample, changes in both FSH and LH exhibit 
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steeply increasing nonlinear relationships with 
age beginning in the mid-40s, rather than linear 
relationships (Fig. 4, A and B, and table S3). In 
the 2006-2007 sample, the positive associa- 
tion between age and FSH is best described as 
a linear relationship (Fig. 4C and table S4), 
although this result probably stems from a 
smaller sample size and the inclusion of very 
few samples from females between the ages of 
20 and 50 years. As in humans, gonadotropin 
production accelerated around the age of 
typical last reproduction at 50 years. 

As Ngogo females age, they produce lower 
levels of ovarian steroids, especially after the 
age of 40. Figure 4, D to F, illustrates these age- 
related decreases in urinary estradiol, estrone, 
and pregnanediol among nonbreastfeeding 
Ngogo females. Post-reproductive Ngogo females 
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exhibited uniformly low levels of ovarian hor- 
mones compared with reproductive females, a 
pattern also observed in human females (19). 

Figure 5 compares standardized measures 
of gonadotropins and ovarian hormone con- 
centrations in Ngogo females with those of 
women between the ages of 25 and 60. Because 
laboratory techniques and units of measure dif- 
fer across these studies, we have standardized 
the measures of hormone concentration by 
their mean values within each study across 
the age range of 25 to 60, the age range of the 
human studies. Both species exhibit broadly 
similar patterns of increasing FSH and LH and 
declining estrogens and progestins as they un- 
dergo menopause. 

We recognize that while our samples sizes 
are large by primatology standards, they are 
much smaller than those in human studies. 
Also, our age estimates—particularly those for 


older females—contain error that is not present ” 


in studies of human females (see Materials 
and methods section “Age estimation”). But even 
considering these limitations, the similarity 
across species in the age trends of urinary FSH, 
LH, estrogens, and progestins is considerable. 
In sum, the combination of demographic and 
hormonal data indicates that reproductive 
cessation in both humans and chimpanzees is 
caused by a common physiological factor, which 
is menopause, and that this occurs at a similar 
age of around 50 years in both species. 


Discussion and conclusions 


Although the occasional presence of old, non- 
reproductive females has been reported in 
other wild chimpanzee communities (4, 9), de- 
mographic studies have not previously provided 
evidence for substantial post-reproductive sur- 
vival in any wild population. The primary reason 
for this contrast is that the Ngogo chimpanzees 
exhibit higher survival rates than those in other 
populations studied in the wild, where only a 
few female chimpanzees have been observed to 
live beyond the age of 50. This demographic dif- 
ference can be interpreted in two distinct ways, 
both of which have implications for understand- 
ing the evolution of this rare trait in humans. 
The first possibility is that the long life spans 
of the Ngogo chimpanzees are a temporary 
demographic response to unusually favorable 
ecological circumstances. In captivity, or so- 
called “protective” environments, some mam- 
mal species, including chimpanzees, exhibit 
significant female post-fertile reproductive sur- 
vivorship (Table 1). Leopards were extirpated 
from Kibale National Park by human hunters 
in the 1960s, and leopard predation may his- 
torically have been an important source of 
chimpanzee mortality, although this claim is 
contested (20-22). While hunters from the 
high-density human population surrounding 
the park have occasionally killed Ngogo chim- 
panzees using snares, metal spears, and trained 
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Fig. 4. Urinary concentrations of gonadotropins an 
223 samples from 58 individuals collected 2016-2018 


d ovarian hormones in females by age. (A) LH in 


, (B) FSH in 215 samples from 57 individuals collected 


2016-2018, (C) FSH in 143 samples from 15 individuals collected 2006-2007, (D) estradiol in 160 samples 
from 21 individuals, (E) estrone in 162 samples in 21 individuals, and (F) pregnanediol in 162 samples 

from 21 individuals. Points represent average levels aggregated by individual female and reproductive status 
at the time of sample collection. Black points in (A) to (F) represent post-reproductive females, blue points 
in (A) to (C) represent reproductive females, and red squares in (D) to (F) represent nonbreastfeeding cycling 
females. The gray age curves in (A) to (F) represent mean expected values ( +1 SE) from fit models 10 to 15, 
respectively (tables S4 to S7). See fig. S3 for sample-level plotting of gonadotropin concentrations and fig. S4 for 


age trends in ovarian hormone concentrations in all fem 


packs of dogs, no such cases were known to 
occur during the study period (23). It is thus 
possible that hunting by humans was a larger 
source of mortality in chimpanzees’ overall 
long-term evolutionary history than currently 
occurs at Ngogo. Dietary quality is also high at 
Ngogo; the local fruit supply is more abundant 
and stable, and chimpanzees there consume 
considerably more meat than those in the 
nearby Kanyawara community (24-26). The 
Ngogo chimpanzees have been more success- 
ful in between-group competition than chimpan- 
zees in other communities. They expanded 
their territory by 22% in 2010 after a decade of 
intense territorial boundary patrolling and 
killing in the area of the expansion (27). Fi- 
nally, the Ngogo chimpanzee population grew 
over the study period, with a net reproductive 
rate (Ro) of 2.0, which suggests that their high 
survivorship cannot be representative of the 
long-term evolutionary history of the species. 
If the substantial post-reproductive life spans 
observed in chimpanzees are only a temporary 
response to favorable and protective ecologies, 
this would offer insight into the early stages 
of its evolution as a species-typical trait in hu- 
mans. Population genetic theory predicts, and 
empirical research confirms, that the power of 
selection to modify a trait depends on the amount 


ales, including those who were breastfeeding. 


population (28). Substantial post-reproductive 
life spans cannot evolve as a species-typical 
trait unless there already exist in the popu- 
lation individuals who outlive their own re- 
production (ie., post-reproductive viability) (29). 
In populations where there are individuals sur- 
viving beyond their reproductive years, natural 
selection can effectively translate the potential 
indirect fitness benefits of ceasing reproduction 
into a life stage for the species. The capacity for 
this demographic response in the last common 
ancestor humans share with chimpanzees would 
thus provide modest support for the plausibility 
of substantial post-reproductive life spans evolv- 
ing earlier in hominin evolution [around 1.8 mil- 
lion years ago, at the emergence of Homo erectus, 
as discussed in (30)] rather than only very re- 
cently (around 50 thousand years ago, at the 
dispersal of Homo sapiens from Africa). 

The second possibility is that substantial post- 
reproductive survivorship has been common 
in the evolutionary history of chimpanzees, 
but it is not exhibited by contemporary pop- 
ulations elsewhere because of recent environ- 
mental changes caused by humans. With one 
exception [Tai Forest (31)], previous demo- 
graphic studies of chimpanzees have been 
conducted on populations living in habitats 
that were more heavily logged for forestry or 


of its standing genetic variation present in the 
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agriculture within the past 100 years than 
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Ngogo and are thus composed of less primary, 
old-growth forest (32-35). In addition, their 
close evolutionary relationship to humans 
makes chimpanzees extremely vulnerable to 
respiratory viruses that originate in humans 
and to which they have little developmentally 
acquired adaptive immunity or evolutionarily 
acquired genetic immunity [see review in (36)]. 
The devastating impact of human diseases was 
made clear by an outbreak of human meta- 
pneumovirus at Ngogo that killed 12.2% of the 
individuals in the community in early 2017, 
after the period under study here (37). The 
Ngogo chimpanzees had not previously suf- 
fered any known major disease outbreaks, 
and they have lower viral richness and load 
than the Kanyawara chimpanzee community, 
which lives at the edge of the park and has 
more contact with humans (38). Although more 
systematic research is needed, one study (39) 
concluded that anthropogenically caused hab- 
itat loss and disease epidemics are likely the 
main drivers of the substantial variability in 
survival rates observed across chimpanzee 
populations and for the fact that most have 
recently experienced devastating declines. The 
negative growth rates of non-Ngogo chimpan- 
zee populations, like the positive growth rate 
of Ngogo, indicate that their patterns of sur- 
vivorship and fertility also cannot represent 
the long-term average for the species. Com- 
parative data suggest that favorable ecological 
conditions promoting population growth do not 
alone account for the emergence of substantial 
post-reproductive representation, as six other 
species of wild primates studied by Bronikowski 
and colleagues (40) have also grown at robust 
rates similar to those of the Ngogo chimpanzees 
(Ro range: 1.51 to 2.37) yet do not show sub- 
stantial post-reproductive life spans. 

If substantial post-reproductive life spans 
were more common in the evolutionary his- 
tory of chimpanzees, this would have additional 
implications for evaluating arguments for 
the evolution of prolonged post-reproductive 
life spans. A prominent adaptive evolution- 
ary explanation for the evolution of substan- 
tial post-reproductive life spans in humans 
is the grandmother hypothesis (47, 42), some 
versions of which state that the indirect fit- 
ness benefits that post-reproductive females 
gain by helping their daughters to reproduce 
or their grandoffspring to survive are greater 
than the direct fitness costs of ceasing repro- 
duction. However, whether such indirect fit- 
ness benefits are sufficiently large to outweigh 
the direct fitness costs of ceasing direct repro- 
duction in humans is controversial (43, 44). 
Such indirect fitness benefits would likely be 
even smaller in chimpanzee-like social contexts. 
Chimpanzee males typically remain in the 
communities in which they were born for their 
entire lives. By contrast, females typically dis- 
perse from their natal community to reproduce 


5 of 11 


RESEARCH | RESEARCH ARTICLE 


A 


-——- Ngogo females 


— = Human women 


Urinary FSH 
Percent of Study-Mean 


100 150 


Urinary Estrogens 
Percent of Study-Mean 
50 


25 35 45 55 
Age 


100 150 200 250 300 


Urinary LH 
Percent of Study-Mean 


50 


0 


100 150 


Urinary Progestins 
Percent of Study-Mean 
50 


25 35 45 55 
Age 


Fig. 5. Standardized age trends in female urinary hormones in Ngogo chimpanzees and human 
females. (A) FSH, (B) LH, (C) estrogens, and (D) progestins, as observed at Ngogo and in studies of human 
females by Ferrell et al. (18, 19). The expected values for Ngogo females in all panels were generated from 
our study's data and the fit models 10, 11, 14, and 15 (tables S4 and S6). The analytes from Ngogo females 
shown in (C) and (D) are estrone and pregnanediol, respectively. Median age trends for human females 

in urinary FSH, LH, estrone glucuronide (a conjugated metabolite of estrone), and pregnanediol glucuronide 
(a conjugated metabolite of progesterone) are derived from (18, 19). 


in others, where they remain until they die (45). 
Unlike humans, chimpanzees cannot main- 
tain long-distance helping relationships with 
individuals who reside in different commu- 
nities (46, 47). Thus, female dispersal limits 
opportunities for chimpanzee grandmothers 
to help either their daughters or their daugh- 
ters’ offspring, who will generally live else- 
where. Post-reproductive chimpanzee females 
could potentially help their sons reproduce, 
but current evidence suggests that unlike fe- 
male bonobos, they do not do so. The diffi- 
culties of recognizing paternal kin under a 
highly promiscuous, polygynadrous mating 
system probably limits the ability of females 
to help their sons’ offspring survive (48-51). 

Another prominent adaptive evolutionary 
explanation for substantial post-reproductive 
life spans is the reproductive conflict hypoth- 
esis (52). This hypothesis suggests that in 
certain contexts, older females will compete 
with younger females for limited reproductive 
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opportunities. In dispersal and mating sys- 
tems where female relatedness to other breed- 
ers and their offspring increases with age, 
the net benefits of continued reproduction at 
advanced ages are low, because reproduction 
imposes costs on relatives. This pattern of age- 
graded local relatedness occurs under the sys- 
tem of male philopatry and female dispersal 
that characterizes chimpanzees and, more con- 
troversially, may be ancestral in humans and 
their hominin relatives (52-56). Some of 
the assumptions of the reproductive conflict 
model have been supported in empirical tests 
with killer whales (57), but similar investiga- 
tions have led to mixed results in humans (58) 
and long-finned pilot whales (59). 

The grandmother hypothesis and the re- 
productive conflict hypothesis are not mu- 
tually exclusive alternatives, and both may be 
required to explain why humans have evolved 
a robust post-fertile life stage. Even in the 
harshest socio-ecological conditions, human 
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communities still have a higher representation 
of post-reproductive individuals compared with 
Ngogo chimpanzees. For example, under the 
extreme conditions of plantation era slavery in 
Trinidad, historical demographers estimate that 
a PrR of 0.302 was maintained (J, 60), which is 
about 1.5 times that seen at Ngogo. 

In sum, while the evolution of menopause 
and a substantial post-reproductive life span 
remains unclear, our results show that these 
traits can emerge in a chimpanzee population 
that has experienced a low level of human im- 
pact. The capacity for long post-reproductive 
life spans observed in contemporary humans 
may not have evolved de novo in our hominin 
ancestors but instead built on existing genetic 
variation in the last common ancestor we 
shared with chimpanzees. Our documentation 
of the survival of post-reproductive females 
at Ngogo required an extensive and ongoing 


research effort, and it will be crucial to invest ” 


in long-term studies across diverse ecological 
settings to better understand whether substan- 
tial post-reproductive life spans in chimpanzees 
emerge only rarely in particularly favorable 
ecological circumstances or are actually more 
common. There are currently insufficient data 
on survival and fertility in chimpanzees’ sister 
species bonobos (Pan paniscus) to ascertain 
whether substantial post-reproductive life spans 
also occur in this species, and if so, under what 
conditions. Filling these gaps in knowledge 
about post-reproductive life spans in humans’ 
two closest living relatives will be important 
for our understanding of the evolution of this 
rare and puzzling trait. 


Materials and methods 
Study site 


All demographic and endocrinological data 
from females came from the Ngogo com- 
munity of chimpanzees. Ngogo is located in 
Kibale National Park, southwestern Uganda. 
The 795 km? park is centered at ~0.5°S and 
30.4°E. The vegetation of the park is mostly 
moist evergreen or semi-deciduous forest, tran- 
sitional between lowland and montane forest 


(33). The Ngogo study area is in the center of . 


the park, at altitudes between 1400 and 1470 m. 
Ngogo receives ~1500 mm of rainfall annually, 
concentrated in March to May and September 
to December (61, 62). The vegetation is typ- 
ically dry-ground forest that includes large 
tracts of old growth forest and early- to mid- 
stage colonizing forest regenerating from an- 
thropogenic grassland (63). Anthropogenic 
grasslands still cover some of the study area, 
which also includes swamp forest, bush dom- 
inated by Acanthus pubescens, and a papyrus 
(Cyperus papyrus) swamp (64). The chim- 
panzees at Ngogo use the old-growth forest 
predominately and stay entirely within the 
park. Ngogo is surrounded on all sides by other 
communities of chimpanzees and does not 
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abut areas occupied by humans. Consequently, 
the chimpanzees do not eat crops but instead 
rely entirely on wild foods. Veterinary inter- 
ventions have been limited to the removal of 
a snare from one adult male. 


Demographic data 


Our prior study of mortality (65) provides in- 
depth descriptions of our methods of demograph- 
ic data collection, age assessment, and parentage 
assignment. Information on Ngogo chimpan- 
zee births, interbirth intervals, age-specific 
fertility rates (ASFR), and post-reproductive 
survivorship are reported here for the first time, 
using data that span the years 1995-2016, in- 
cluding 306 individual chimpanzees and 3108 
chimpanzee-risk-years of observation. Owing 
to the large size of the Ngogo community, the 
Ngogo demographic database is among the 
largest available for any wild chimpanzee com- 
munity. This sample includes 185 females and 
1611 risk years of observation. 

Because the Ngogo chimpanzees have only 
been observed continuously since 1995, the 
ages of the oldest chimpanzees were neces- 
sarily estimated through morphological com- 
parisons with known-aged individuals and 
genetically determined kinship relationships 
[as in (65, 66) and see Materials and methods 
section “Age estimation”]. However, our demo- 
graphic and physiological data on reproduction 
provide a strong internal validation of these age 
estimates. First, ASFR at Ngogo closely accord 
with data from other chimpanzee populations 
(Fig. 1). Second, the ages of post-reproductive 
females and ages at which FSH and LH lev- 
els increased exceeded the maximum ages of 
the majority of chimpanzees previously de- 
scribed from the wild, suggesting why long 
post-reproductive life spans were found at 
Ngogo but not elsewhere (Fig. 4). As a robust- 
ness check, we created a simulation model that 
generates alternative schedules of mortality 
and fertility, on the basis of a reasonable model 
of age estimation error. Including these in- 
fluences of age estimation error, Ngogo post- 
reproductive representation (PrR) remains 
substantial and significant (Materials and 
methods section “The statistical significance 
of post-reproductive representation is robust 
to error in age estimates”). When we subsam- 
ple our data and focus only on individuals who 
were precisely aged, we also find that Ngogo 
survivorship is high, consistent with our gen- 
eral results (Materials and methods section 
“Precisely aged individuals show low mortality 
among the Ngogo chimpanzees”). 


Interbirth intervals 


Seventy-four females gave birth at Ngogo dur- 
ing the study, to a total of 175 offspring. We 
also identified 37 additional mother-offspring 
dyads through genetic analyses and observa- 
tions of especially close interactions between 
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females and young. Births that occurred be- 
fore our observation period were not included 
in our analyses of ASFR or interbirth intervals, 
but they did allow us to infer whether some fe- 
males had ever given birth. We identified closed, 
successful interbirth intervals at Ngogo—that 
is, those closed interbirth intervals in which 
first offspring survived to at least 4 years of age 
(n = 75). The mean duration of these intervals 
was 5.5 years (SEM = 0.14) and the standard 
deviation was 1.2 years. 


Demographic measure of post-reproductive 
life span 


We sought to identify older females who had not 
reproduced for an extended period and who 
were thus strong candidates for having experi- 
enced menopause (Fig. 1). We defined “older” as 
estimated to be at least 40 years and “extended 
period” as the population mean interbirth in- 
terval plus two standard deviations (7.9 years). 

The PrR statistic is constructed from the 
observed life tables of survivorship and fertil- 
ity and should be near zero for species in 
which a substantial female post-reproductive 
life span does not occur. However, owing to 
sampling variation, a nonzero PrR value is 
insufficient evidence to conclude that post- 
reproductive representation is generally greater 
than zero in a study population. Levitis and 
Lackey (1) present a demographic simulation 
procedure that generates PrR values from the 
null hypothesis that age-specific fertility rates 
(m,) and survivorship (J,) decline in parallel 
after the age of peak fertility. The observed 
age-specific fertility rates (7,,) are used to con- 
struct a smoothed model of monotonically de- 
clining fertility after the age of peak fertility. 
This fertility decline model is then used to 
construct the predicted survivorship >) that 
would be anticipated if the null hypothesis 
were true, that is, if declines in survivorship 
were in parallel with and directly proportional 
to declines in fertility. Using the observed m, 
and null-predicted survivorship values (ip), 
1000 simulated populations are then created, 
each with its own corresponding null-predicted 
PrR statistic. The distribution of these null PrR 
values is then compared with the observed PrR. 
The P value for this significance test is the num- 
ber of null-simulated populations with higher 
PrR values than the observed PrR, divided by 
1000. In our case, no null-simulated popula- 
tions had a PrR value higher than 0.196; thus, 
our P value is <0.001. 


Collection and measurement of urinary 
reproductive hormones 


Most urine samples were collected opportun- 
istically from individually identified female 
chimpanzees between 1 March 2016 and 11 May 
2018. A second smaller dataset of urine samples 
from which we only analyzed FSH was collected 
between 28 May 2006 and 25 November 2007. 
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Urine was pipetted from plastic sheets or leaves 
(67) and transferred to collection vials. Vials 
were stored in a cooled thermos until the 
collector returned to camp then deposited in a 
solar-powered freezer at —20°C. Samples des- 
ignated for steroid measurements were trans- 
ported on dry ice from Uganda to Germany, 
where they were stored at -80°C until they 
were analyzed. Similarly, samples designated 
for gonadotropin measurements were trans- 
ported on ice from Uganda to the United States 
and stored at —80°C. 

Urine samples collected in 2016-2018 were 
analyzed for gonadotropins FSH and LH in 
the Comparative Human and Primate Physi- 
ology Center at the University of New Mexico, 
Albuquerque, NM, USA. FSH and LH data from 
2016-2018 were assayed using commercial 
enzyme-linked immunosorbent assays from 
MP Biomedicals with a sensitivity of 1.5 mIU/ml 
FSH and 1.0 mIU/ml LH. Interassay coefficients 
of variation (CVs) were 9.1% (low control) and 
8.6% (high) for the FSH assay and 6.7% (low) 
and 13.4% (high) for the LH assay. Intrassay CVs, 
calculated as the mean CV of duplicate determi- 
nations, averaged 10.1% for both assays. 

Urine samples from 2006-2007 were ana- 
lyzed for FSH at the Smithsonian Conserva- 
tion Biology Institute, Front Royal, VA, USA. 
FSH (LER-1976A) was iodinated following the 
protocol described in (68). Urine FSH was quan- 
tified by a iodine-125 double-antibody radio- 
immunoassay (RIA), with some modifications. 
The RIA used an anti-ovine FSH primary anti- 
body (JADLER 178) and ovine LH label and 
standards (NIDDK-FSH-S16) in a phosphate- 
buffered saline (PBS)-based (0.01 M PO,, 0.9% 
NaCl, 0.5% bovine serum albumin, 2 mM EDTA, 
0.01% thimerosal, pH 7.4) buffer system. It was 
incubated in a total volume of 500 ul in 12 mm 
by 75 mm borosilicate tubes at room temper- 
ature. Standards (100 ul) and/or sample were 
added to PBS (200 ul), followed by addition 
of primary antibody (1:25,000, 100 ul) and in- 
cubation for 24 hours. Iodine-125 FSH tracer 
(~25,000 counts per minute, 100 ul) was added 
and the tubes incubated for an additional 
24 hours. Antibody-bound complexes were 
precipitated by centrifugating at 3000g for 
25 min after a 1 hour incubation with goat anti- 
mouse gamma globulin (1:300, 1 ml in PBS con- 
taining 5% polyethylene glycol, 8000 molecu- 
lar weight, Sigma Chemical Co., St. Louis, MO). 
The antibody typically bound 30% of the iodi- 
nated tracer with ~5% nonspecific binding. 
Assay sensitivity was 0.25 ng/ml. The assay 
was validated for chimpanzee urine by dem- 
onstrating (i) parallelism between dilutions 
of pooled urine and the standard curve and 
(ii) significant recovery (>98%) of FSH stan- 
dard added to non-estrous chimpanzee urine 
(y = 0.912% + 4.998, r = 0.993). 

Urine samples collected in 2016-2018 were an- 
alyzed for steroid hormones in the Department 
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of Primatology at the Max Planck Institute for 
Evolutionary Anthropology, Leipzig, Germany. 
Each sample underwent extraction before mea- 
surement using a modification of Hauser et al. 
(69) in which we combined each sample with 
an internal standard, performed hydrolysis with 
6-glucuronidase derived from Escherichia coli, 
and performed solvolysis with ethyl acetate and 
sulfuric acid. Estradiol, estrone, and pregnanediol 
were measured by liquid chromatography- 
tandem mass spectrometry (LC-MS) using a 
modification of (69). We used a Waters ACQUITY 
UPLC separation module for liquid chroma- 
tography, using water (with 0.1% formic acid) 
and acetonitrile as eluents. We then used a Xevo 
TQ-S tandem quadrupole mass spectrometer 
(Waters, Milford, MA, USA) for mass spectro- 
metry and examined the output with MassLynx 
(QuanLynx-Software). 

We corrected for variation in urine concen- 
tration by measuring the specific gravity (SG) 
of each sample. We measured SG with a digital 
handheld refractometer (2016-2018 samples for 
gonadotropins: PAL-10S, ATAGO, Bellevue, WA, 
USA; 2006-2007 samples for FSH: Urisystem, 
Fisher Scientific, Waltham, MA, USA; 2016- 
2018 samples for steroids: TEC, Ober-Ramstadt, 
Germany). Hormone values were adjusted for 
SG following (70). We present estradiol, estrone, 
and pregnanediol concentrations in picograms 
per microliter of SG, and FSH and LH concen- 
trations from 2016-2018 samples in milli- 
international units per milliliter of SG. 

Of the eight reproductive females in the 
2006-2007 FSH dataset, six were also included 
among the reproductive females in the 2016- 
2018 FSH dataset. Of the nine post-reproductive 
females in the 2006-2007 FSH dataset, four 
were also among the post-reproductive females 
in the 2016-2018 FSH dataset. 

All analyses were based on individuals 
214 years at the time of sample collection, which 
is close to the average age of first pregnancy 
among natal female chimpanzees (71). The 
oldest individual was estimated at 67 years. All 
analyses were based on samples from females 
that were known (via negative pregnancy tests) 
or inferred not to be pregnant because their 
next births occurred more than 253 days after 
sample collection, which corresponds to the 
mean gestation length plus two standard de- 
viations in a sample of 118 captive chimpanzees 
(72). Finally, we did not include samples from 
females who died within 253 days of sample 
collection and did not have offspring youn- 
ger than 3 years old, as they might have been 
pregnant. 


Analysis of hormone levels by 

reproductive category 

We assigned females to one of three reproduc- 
tive categories: (i) post-reproductive, (ii) cycl- 
ing (i.e., females who were experiencing regular 
sexual swellings), or (iii) lactating. To compare 
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hormone levels among females in these categ- 
ories, we used linear mixed models (LMMs) 
with Gaussian error structures and fitted with 
restricted maximum likelihood using the “Imer” 
function in package Ime4 (73) in R version 4.0.3. 
For the analysis of gonadotropins (LH and FSH), 
cycling and lactating females were lumped into 
a single “reproductive” category whose levels 
were then compared with post-reproductive fe- 
males (table S2, models 1 to 3). For the analysis 
of the steroid hormones estradiol, estrone, and 
pregnanediol, hormone levels were compared 
among all three reproductive categories, using 
2016-2018 samples (table S2, models 4 to 6). To 
control for multiple sampling of individuals, we 
included subject ID as a random intercept in all 
models. Sexual swellings in chimpanzees coin- 
cide with the periovulatory period when sex- 
steroid and gonadotropin levels are strongly 
elevated. To compare baseline levels of the 
different reproductive categories, we omitted 
samples of females when they exhibited max- 
imal sexual swellings, thereby making statistical 
comparisons considerably more conservative. 

To produce conservative probability values 
(74), we generated Satterthwaite approxima- 
tions for degrees of freedom using package 
ImerTest (75). We set alpha to 0.05 and used the 
“confint” function to calculate bootstrapped 95% 
confidence intervals of fixed effects from 1000 
simulations. The regression assumption of re- 
sidual normality was largely satisfied by Box-Cox 
transforming hormone values before analysis 
(76, 77). We visually inspected residual plots and 
qq-plots (78) of models 1 to 6 (table S3) fit to all 
the hormone datasets to assess the normality 
of residuals and the presence of outliers. This 
assessment indicated that there were a few 
extreme observations that fell well outside the 
model-predicted ranges of hormone values. We 
then applied a conservative procedure described 
in Kutner et al. (79) to identify and exclude out- 
liers from the datasets used in the final analy- 
ses. We first calculated the semi-studentized 
residuals of each observation in the raw data 
with respect to models 1 to 6. We then ex- 
cluded any data in which the absolute value 
of the semi-studentized residual was greater 
than or equal to 4. This process led us to ex- 
clude one sample from the estradiol data, one 
sample from the estrone data, and one sample 
from the pregnanediol dataset. No outliers 
were excluded from the LH or FSH data. The 
sample sizes in the final hormone datasets 
are tallied in table S2. The structure of the 
statistical models (models 1 to 6) used in the 
analysis of hormone concentrations by repro- 
ductive category are listed in table S3. 


Analysis of LH and FSH by age 


We conducted generalized additive modeling 
to estimate linear and nonlinear continuous 
relationships between age and gonadotropin 
levels (table S4, models 7 to 12). To adjust for 
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repeated samples of individuals, subject ID was 
treated as a random intercept in all models. 
Models were fit using the “gam” function of 
the R package mgcv (80). The mgcv package 
estimates relationships between predictor and 
outcome variables using penalized regression 
splines in which smoother relationships are 
preferred to more complex or “wigglier” rela- 
tionships to prevent over-fitting. 

In models 7 to 12, the hormone data were 
log-transformed before analysis, owing to the 
non-normal distribution and strictly positive 
ranges of these measures. In models 7 to 9, we 
specified that the relationship between age 
and hormone measures must obey a strictly 
linear relationship, whereas in models 10 to 
12, we specified that a nonlinear relationship, 
constructed using a cubic spline, could char- 
acterize the age relationship. We then com- 
pared the estimated out-of-sample predictive 
accuracy of the linear and nonlinear models 
fit with each sample using AICc. 

Comparison of models 7 to 9 to models 10 
to 12 shows that treating age as a smoothed 
predictor variable leads to lower AICc values, 
representing improved out-of-sample predic- 
tive accuracy, for models 10 and 11. In the case 
of model 12, the penalized regression estima- 
tion process in mgcv shrunk the spline to a 
perfectly linear relationship between age and 
FSH, equivalent to the linear model 9, with an 
equivalent AICc value. AICc values are reported 
in table S4, and model coefficients are reported 
in table S5. 


Analysis of estradiol, estrone, 
and pregnanediol concentrations by age 


To investigate the continuous relationship be- 
tween age and steroid hormone levels, we fit 
six generalized additive mixed models (models 
13 to 18) in which the relationship between 
age and the hormone value was estimated as a 
smooth cubic spline using penalized regres- 
sion estimation. Subject ID was entered into 
the model as a random intercept to model 
the possibility of subject-specific differences 
in mean hormone measures. The structure 
of these models is reported in table S6, and 
the coefficients estimated from models 13 to 
18 are summarized in table $7. The model- 
predicted relationships between age and av- 
erage steroid hormone measures are displayed 
in Figs. 4 and 5 and figs. S3 and S4. 


Comparison of age trends in urinary 
hormone concentrations in human females 
and Ngogo females 


We calculated average Ngogo female age trends 
for urinary FSH using model 11 (Fig. 5A), for 
LH using model 10 (Fig. 5B), for estrone using 
model 14 (Fig. 5C), and for pregnanediol using 
model 15 (Fig. 5D). The median age trends for 
human females for urinary FSH were carefully 
traced from figure 1B of (78), for LH figure 1A 
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of (18), for estrone-glucuronide figure 2A of 
(19), and for pregnanediol-glucuronide fig- 
ure 2B of (79) using WebPlotDigitizer (87). 
Estrone-glucuronide is a metabolite of estrone 
that humans and chimpanzees excrete in their 
urine (82). In our analyses, following the pro- 
tocol of (69), estrone metabolites were decon- 
jugated to estrone before measurement by 
LC-MS, whereas in (19), immunoreactive estrone- 
glucuronide was measured directly. Likewise, 
the major urinary metabolite of progesterone, 
pregnanediol-glucuronide, was deconjugated 
to pregnanediol before measurement using 
LC-MS in our study, whereas immunoreactive 
pregnanediol was measured directly in (19). 

There are several data limitations to Fig. 5. 
First, the error in chimpanzee age estimation 
would be expected to flatten out steep changes 
in age trends that might otherwise be detected 
with more-precise age estimates. Second, Fig. 5 
displays only model-expected central trends 
for each population, ignoring considerable 
between-individual variability in base rates 
and change over time that is known to exist 
from studies of human females [see figure 2 
of (18)]. Finally, our sample sizes are large 
by primatology standards but much smaller 
than those of the human studies. 


Age estimation 


Ages of the oldest females in the sample, in- 
cluding those found to be post-reproductive, 
were necessarily estimated because they were 
adults when first identified. Nevertheless, these 
estimates are predicated on critical data that 
together suggest that any error in age estima- 
tion does not affect our conclusions. 

First, age estimations for females in the study 
were made when females were first identified, 
rather than at the time of the current study. 
For the oldest females in the sample, including 
those found to be post-reproductive, these de- 
terminations were made in 1995-1998, 11 to 
23 years before sampling for this study. In 
other words, it was not the case that females 
in the study were visually estimated to be 
>50 years old, but rather they were identified 
when still young or middle-aged and subse- 
quently observed over many years. Age esti- 
mations at the outset of the study benefitted 
from understandings of visual signs of aging 
(e.g., gray hair, prominent hips and shoulders, 
worn or missing teeth) generated by previous 
chimpanzee research [e.g., long-term research 
at Gombe (83)], and the distribution of these 
original age estimations for chimpanzees in 
the Ngogo community were consistent with 
population structures observed for wild chim- 
panzees elsewhere. Fortunately, females dis- 
perse into new communities within a narrow 
age range during adolescence, which means 
that those females who joined the Ngogo com- 
munity over the course of the study could be 
aged with minimal error. 
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In most cases, contextual information allows 
us to identify the minimum age of females when 
first observed, on the basis of the presence and 
size of dependent offspring and/or genetic ped- 
igree data that can identify adult offspring. For 
example, a female observed with two depen- 
dent offspring when first observed should be 
at least 20 years old. For 4 of the 11 post- 
reproductive females, they must have already 
been in their 30s to 40s when first identified 
in 1995 because they already had genetically 
identified adult-aged offspring at this time. 
These estimates will tend to be conservative 
because first-born offspring may have died 
or emigrated before the period of genetic sam- 
pling. As an illustrative example, consider the 
oldest post-reproductive female in our sample, 
MARL. We identified DO as a middle-aged male 
in 1995 and assigned him the age of 28 on the 
basis of his physical appearance, making his 
birth year 1967. Genetic parentage analyses 
subsequently confirmed our suspicion that 
adult female MARL was DO’s mother. On av- 
erage, immigrant female chimpanzees have 
their first offspring at age 16.2 years, which 
would make MARL’s birth year 1951 if we as- 
sume DO was her first offspring. However, we 
instead assigned MARL a birth year of 1950 
(and thus age of 45 years in 1995) instead of 
1951 in recognition of the possibility that DO 
was not her first offspring, and because she 
looked a bit older than females whose age es- 
timates were similarly genealogically informed 
in 1995. Our age estimate of 28 years for DO in 
1995 could not have been considerably over- 
estimated, because when he died in 2014 at an 
estimated age of 47 years, he had lost con- 
siderable muscle mass and all of his canines. 
Similarly, when MARL died in 2019 at the es- 
timated age of 69, she was very thin, had sparse 
gray hair, very worn teeth, and had multiple 
great-grandoffspring. 

As noted above, although our age estimates 
were derived long before this study was con- 
ceived, the results help reinforce the validity of 
the age estimates because ASFR at Ngogo align 
closely with patterns observed in other chim- 
panzee populations (Fig. 1), and ages of the 
menopausal transition conform to the expec- 
tations from prior studies of ASFR and follic- 
ular depletion rate (Fig. 4). 


The statistical significance of 
post-reproductive representation 
is robust to error in age estimates 


To assess the possible impacts of age estima- 
tion error on our measure of post-reproductive 
representation (PrR) at Ngogo, we created a 
simulation model that generates alternative 
schedules of mortality and fertility, embody- 
ing a reasonable model of age measurement 
error. Our model of age estimation error starts 
with the intuition of human demographers 
and primatologists that as the actual age of an 
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individual increases, the error in age estima- 
tions also increases (65, 84). We treated age 
measurement error as a process arising from 
uniform distributions, with ranges that in- 
creased proportional to our best point esti- 
mate (BPE) of an individual’s age when they 
entered our study. Following (65), we used 
the formula below to specify the relationship 
between the range of the uniform distribu- 
tion and our best point estimates 


Range of uniform distribution = BPE«0.2 


Applying this model of age estimation error, 
we generated 1000 data permutations. Among 
permutations, the simulated ages were distrib- 
uted across intervals with a minimum value 
of BPE - BPEx«0.1 and a maximum value of 
BPE + BPE+0.1. The scaling factor of 0.2 was 
chosen because it produces estimates that ac- 
cord with experience. For example, a chimpan- 
zee with a real age of 10 years might have been 
visually estimated as being between 9 and 
11 years old, while chimpanzees estimated to 
be ages 20 or 40 when first identified were 
treated in this model as having probabilistic 
ages uniformly distributed across the intervals 
18-22 and 36-44 years, respectively. 

By simulating 1000 permutations of the demo- 
graphic data, we created 1000 schedules of 
mortality and fertility. Using these schedules, 
we then calculated the PrR statistic for each 
permutation, which resulted in the distribution 
of values shown in fig. S5. 

Among all 1000 data permutations, the min- 
imum PrR value recorded was 0.132. We then 
applied the analysis procedure described in 
(1) to assess whether even this minimal-PrR 
value of 0.132 was nevertheless greater than 
expected under the null hypothesis of parallel 
declines in survivorship (/,) and fertility (77,). 
We found that the PrR value of 0.132 is in- 
deed higher than expected under the null 
hypothesis of there being no post-reproduc- 
tive representation in this community (P < 
0.001). In summary, while our age estimates 
may be off by a few years, even when making 
allowances for such error, Ngogo PrR values 
are significantly higher than expected if sur- 
vivorship and fertility declined in parallel in 
this study population. 


Precisely aged individuals show low 
mortality among the Ngogo chimpanzees 


When we subsample our data and only focus 
on those individuals who were two years or 
younger when they first entered our mortal- 
ity risk pool, we see that Ngogo survivorship to 
young adulthood is higher than in the near- 
by community of Kanyawara, also located in 
Kibale National Forest [see figure 2 in (65)]. This 
analysis is particularly informative because 
age estimation error is minimized in this sam- 
ple, and comparative demographic analysis 
indicates that high survivorship in early life 
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is positively associated with high survivorship 
across the life course (85). 

In summary, when making reasonable data 
adjustments for age estimation error (fig. S6), 
and when restricting analyses to only those in- 
dividuals with the highest age accuracy, we find 
that survivorship among the Ngogo chimpan- 
zees is high and post-reproductive represen- 
tation is significant. Both age measurement 
error and sampling variation are thus not ade- 
quate alternative explanations for our results. 
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NEUROSCIENCE 


Cross-modal representation of identity in the 


primate hippocampus 


Timothy J. Tyree’, Michael Metke??, Cory T. Miller’?* 


Faces and voices are the dominant social signals used to recognize individuals among primates. Yet, it 
is not known how these signals are integrated into a cross-modal representation of individual identity 
in the primate brain. We discovered that, although single neurons in the marmoset hippocampus 
exhibited selective responses when presented with the face or voice of a specific individual, a parallel 
mechanism for representing the cross-modal identities for multiple individuals was evident within 
single neurons and at the population level. Manifold projections likewise showed the separability of 
individuals as well as clustering for others’ families, which suggests that multiple learned social 
categories are encoded as related dimensions of identity in the hippocampus. Neural representations 

of identity in the hippocampus are thus both modality independent and reflect the primate social network. 


avigating complex primate societies re- 

lies on learning the identity of each indi- 

vidual in the group and their respective 

social relationships (7). Neurons in the 

brains of primates and other mammals 
selectively respond to the identity when view- 
ing the face or hearing the voice of a specific 
individual as unimodal signals (2-8). How- 
ever, data showing that single neurons are 
responsive to both the face and voice of an 
individual—a cross-modal representation of 
identity—are limited to “concept cells” in the 
human hippocampus (9-17). These neurons 
are notable for several reasons, including their 
putative role in memory functions (72) and 
potential uniqueness to humans (13). We in- 
vestigated whether cross-modal representations 
of identity are evident in the hippocampus of 
marmoset monkeys by recording single hippo- 
campal neurons (/4) while presenting subjects 
with multiple exemplars of individual marmo- 
set faces (from different viewpoints) and voices 
as unimodal stimuli (4), as well as concurrently 
by presenting the faces and voices from the same 
or different individuals—i.e., match versus mis- 
match (MvMM). Visual stimuli were presented 
from a monitor directly in front of the animal 
while a speaker positioned directly below the 
screen broadcast the acoustic stimuli. Subjects 
were only presented with familiar conspecifics 
housed in the same colony who differed in 
their respective social relatedness (11). 


Identity-selective neurons 


To first test whether cross-modal representa- 
tions of identity are evident in the hippocampus 
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of anonhuman primate, we performed the same 
receiver operator characteristic (ROC) selectivity 
analysis described previously in humans (9-11) 
and detected a population of cross-modal in- 
variant neurons for individual identity when 
observing marmoset faces or voices (Fig. 1A 
and fig. S1A), as well as neurons selective for 
individual identity when viewing only their 
faces (Fig. 1B and fig. S1B) or hearing only 
their voices (Fig. 1C and fig. S1C). These iden- 
tity neurons were confirmed in all hippocam- 
pal subfields (Fig. 1D). Notably, only neurons 
that exhibited a mean peak firing rate 2 SDs 
above baseline qualified for this analysis, which 
supports P < 0.01, and differed from the 5 SDs 
used previously in humans (9-17). Responses 
were determined from the mean firing rate 
during a 500-ms continuous sliding window 
maximized over the duration of the 3500-ms 
stimulus. Overall, we observed that N = 148 
(9.2%) of N = 1602 qualifying neurons dem- 
onstrated selectivity for a single preferred 
individual (Fig. 1E), with different neurons 
selective for faces (N = 52), voices (N = 39), or 
both faces and voices (N = 57) (Fig. 1F). The 
mean area under the ROC curve (AUC) of iden- 
tity neurons (AUC = 0.902 + 0.014) was sig- 
nificantly above chance (P < 0.001) (Fig. 1G). 
Although these neurons in marmosets were 
overall less selective than in humans (9-11), this 
disparity may reflect species differences in hip- 
pocampus properties that affect neural coding 
mechanisms for identity. Baseline hippocampal 
activity, for example, was considerably higher 
in the current study (mean 6.47 Hz; N = 2358 
neurons) (fig. S2) than has been reported in 
humans (15), although a more comprehensive 
comparative analysis of physiological differ- 
ences is needed to better understand how 
such differences affect hippocampal functions. 

Analysis of eye movements (Fig. 1H) revealed 
that marmosets’ visual behavior and neural 
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activity were differentially affected by mq Se 
ity and identity. Marmosets exhibited sig... 
cantly shorter fixations (P < 0.001, Néxations = 
18,965) (Fig. 1D and significantly more sac- 
cades (P < 0.001, Ngaccades = 2203) during trials 
with face-only relative to the voice-only trials 
(Fig. 1J). These monkeys were also highly 
focused on faces during stimulus presenta- 
tions, with faces accounting for 77.9% of view- 
ing time and eyes specifically accounting for 
37.6% of viewing time. The firing rate of iden- 
tity neurons was significantly greater than the 
remaining neurons when subjects were look- 
ing at the eyes or face (both P < 0.001) (Fig. 
1K). This was not, however, a broad atten- 
tional effect (16) because the firing rate of simul- 
taneously recorded nonidentity neurons did 
not show the same increased firing rate when 
gazing at faces or eyes. 


Multiple identities are represented in 
single neurons 


A potential parallel mechanism to highly se- 
lective concept cells is for individual cells to 
contribute to multiple functions (17, 18), such 
as single neurons being sensitive to the cross- 
modal identity of multiple conspecifics. Hip- 
pocampal neurons are sensitive to mismatches 
between the features of a particular stimulus 
and a previously learned category (19, 20). To 
test whether a similar mechanism is evident 
for the learned social identities of conspecifics 
in marmoset hippocampus, we tested whether 
neurons would respond differently when simul- 
taneously observing the face and voice from 
the same (identity match) or different (iden- 
tity mismatch) individuals. By presenting a 
face and voice in all identity MvMM trials, we 
controlled for the potential effects of multi- 
modal integration (fig. S3A) and instead tested 
whether a subordinate category, identity, 
elicited changes in neural activity. Indeed, a 
subpopulation of units, MvMM neurons, ex- 
hibited a significant firing rate preference for 
either match trials (Fig. 2A) or mismatch trials 
(Fig. 2B), with some neurons modulated only 
by this category distinction (Fig. 2A) and others 
more generally stimulus driven (Fig. 2B). Over- 
all, 21.7% of neurons (N = 511 of 2358) exhibited 
a significant response during MvMM trials, 
with significantly more units exhibiting a higher 
firing rate during match (N = 401) than mis- 
match (N = 110) trials (P < 0.001) (Fig. 2C and 
fig. S3B). MVMM neurons were largely distinct 
from the identity neurons described above 
(Fig. 2D and fig. S3C). Notably, 56% of the 
neurons observed in both populations whose 
anatomical location could be confirmed were 
recorded in CA1. In contrast to identity neu- 
rons, MvMM neurons were biased to CAI (Fig. 
2E), with N = 155 (44.3%) out of 350 neurons 
confirmed in the CAI qualifying as MVMM 
neurons. In CAI, significantly more MVMM 
neurons (N = 129/155, 83.2%) preferred match 
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trials to mismatch trials (P < 0.001). MVMM 
neurons exhibited significantly higher median 
firing rate while the subject was looking at 
the eyes or face (P < 0.001, N = 511) (Fig. 2F). 
Marmosets exhibited significantly more sac- 
cadic eye movements during mismatch trials 
(Fig. 2G), and this difference in behavior was 


Fig. 1. Putative concept cells in marmoset 
hippocampus. (A to C) Top row: Subset of 
stimuli shown above raster and peristimulus 
time histogram (PSTH). Bottom row: Spike 
waveform density; normalized PSTH to all 
stimuli (preferred: red, nonpreferred: black), 
indicated are time points that show 
significant difference (P < 0.05); median 
number of spikes for unimodal stimuli 
(gray/black indicate nonpreferred individuals); 
ROC curve (shuffled controls shown in black). 
Exemplar identity neurons responding 
selectively to the face and voice of a 
preferred conspecific (red) (A), the face 

only (B), and the voice only (C) are shown. 
(D) Anatomical distribution of identity 
neurons (red) in hippocampal subfields 

elative to neurons remaining that responded 

to any stimulus (white). Black shadow indicates 
the electrode array track with magnetic 
esonance imaging distortion artifact. 

DG, dentate gyrus; Sub, subiculum. (E) Pie 
chart showing the abundance of identity 
neurons in red with the number of remaining 
neurons that qualified for the ROC 

selectivity analysis in white. (F) Mode 
distribution of identity neurons. Modes 

included face (light blue), voice (dark blue), 

and both (orange). (G) Histogram showing 

the distribution of AUCs comparable 

with red ROC curves in (A) to (C). Colors 

are as in (F). Black dotted line is the mean, 

and red dotted line is the mean of 10,000 
random shuffles of the labels. (H) Exemplar eye 
movements (yellow) with fixations indicated 
(red). (I) Distribution of eye fixation 

durations for unimodal trials. (J) Distribution 

of apparent saccade number for unimodal 
trials. (K) Distribution of median firing 

rates while observer was looking at eyes 

(left) and face (right) for identity neurons 
(black) versus remaining neurons (white). 
Significant median differences, ***P < 0.001. 
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most prominent 1 to 2 s after stimulus onset 
(P < 0.05, Neaccades = 4603) (Fig. 2H). 


Encoding cross-modal identity in 
neuron populations 


These findings suggest that two seemingly dis- 
tinct mechanisms for representing cross-modal 


A Cross-Modal Invariant 


Jasmine Dip 
Front 


identity are evident in primate hippocampus. 
We conjectured that more temporally selective 
coding mechanisms in hippocampus may in- 
form how these two processes for encoding 
identity are integrated at a population level. 
Therefore, we developed an algorithm to iden- 
tify intervals of time during which individual 
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A B Fig. 2. Single neurons in hippocampus 
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neurons exhibited significant differences in 
median firing rate for a specific category (P < 
0.05), which we labeled as predictive time bins 
(fig. S4). This algorithm was applied to all 
neurons in the population, not only those 
classified as identity-selective or MVMM neu- 
rons. We first identified predictive time bins 
selective for specific individuals when observing 


Fig. 3. Cross-modal decoding of 
identity. (A) PSTH of two exemplar 
predictive neurons. Colored traces 
average over trials involving preferred 
individual, and the gray shaded regions 
indicate 95% confidence intervals. 
Colored regions indicate identity- 
specific time bins. (B) Pie chart 
showing number of identity-specific 
predictive neurons that prefer one 
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10.0; 


their face or voice. A pair of exemplar neurons 
that exhibited separate predictive time bins for 
two different individuals is shown (Fig. 3A and 
fig. S5). Out of 2358 hippocampal neurons, 
1634 (69.3%) exhibited at least one identity- 
specific predictive time bin, with most exhibiting 
predictive time bins for two or more individ- 
uals (Fig. 3B). Identity-specific predictive time 
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(white), two (gray), and three or 
more individuals (red). (€) Histogram 
showing AUC distribution of 
identity-specific time bins with 

colors indicating preferred individuals 
in legend. Dotted lines indicate 

the mean (black) and the control 
(red). (D) Distribution of median firing 
ates while the observer was looking 
at the face for the identity-specific 
predictive neurons compared with 
the remaining neurons. (E) Histogram 
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bins exhibited a mean AUC (0.802 + 0.003) 
that was significantly above chance (P < 0.001, 
Npins = 3958) (Fig. 3C). Neurons that had 
identity-specific predictive time bins exhibited 
a significantly greater median firing rate when 
subjects were looking at the face of a preferred 
individual (P < 0.001) (fig. S6A), although sig- 
nificant suppression was observed relative to 
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showing AUC distribution of MvMM 
time bins. Dashed lines indicate 

the mean (black) and the control 
(red). (F) Distribution of median firing 
rates while the observer was looking 
at the face for the MvMM predictive 
neurons compared with the remaining 
neurons. (G) ROC curves for the 
detection of face or voice of individu- 
als. Firing rates were considered 
from MvMM time bins (green, AUC = 
0.536) and identity-specific time bins 
(black, AUC = 0.779) similarly aver- 
aged over individuals. Thinner colored 
lines indicate individuals as in (C). 
(H) ROC curves for the detection of 
match trials. Firing rates from MvMM 
time bins (green, AUC = 0.782) 

and from identity-specific time bins 
(black, AUC = 0.516). (I) ROC curves 
for the detection of both face and 
voice of individuals from same 

19 recording sessions as in (G) and 
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= 0.818) are similarly averaged over individuals. Results of the INM for individuals are shown by thin lines colored as in the legend of (C). 


Red dotted line indicates random as in (G) and (H). (J) Bar plot showing true positive rates predicted by a winner-take-all model that considered predictions from the 
INM specific to 12 individuals. Indicated is the mean of the shuffled labels (red) and 5x that value (black). Bar plots summarize the trials from the testing sets of 
33 recording sessions (Neriais = 454). (K) Bar plot showing mean AUC with identity neurons removed (light gray) versus the control randomly removing an equal number of 
bins from the remaining cells (dark gray). Uncertainty indicates 95% confidence of the mean. No significant difference was observed across recording sessions for any of the 
three qualifying subjects (Archie, P = 0.81, Nidentities = 14; Baloo, P = 0.58, Niaentities = 9; Hades, P = 0.50, Nidentities = 12). ***P < 0.001; n.s., not significant. 
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the other neurons when normalizing by the 
background, which was averaged from ¢ = 
-0.8 s to t = -0.3 s (P < 0.001) (Fig. 3D). We 
applied the same algorithm to test for pre- 


dictive time bins that distinguished MvMM 
trials and found a similar result (Fig. 3E), with 
1455 neurons exhibiting MvMM predictive 
time bins. Neurons with predictive time bins 


for MvMM exhibited a significantly greater 
median firing rate when subjects looked at the 
face (P < 0.001) (fig. S6B), although signif- 
icant suppression was observed relative to the 
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Fig. 4. Cross-modal representation of identity using rate and event codes. 
(A) Two-dimensional manifold projection of our rate-coded representation 
computed from firing rates of identity-specific time bins. One identity-match 
trial was equivalent to one presentation of the stimulus as face and voice 
matched. Each identity-match trial represented a different, randomly selected 
face and/or voice stimulus. Firing rates were computed from each identity- 
specific predictive time bins and then concatenated into a feature vector for 
each identity-match trial. This feature vector was then projected onto the 
manifold and plotted as one symbol per identity-match trial in one of the 
scatter plots. Indicated is the mean (black). Colors in legend correspond to 
individuals. UMAP, uniform manifold approximation and projection. (B) Schematic 
illustrating the hindsight delay to a given neuron (left), used to generate histograms 
of signed connection rates to three neurons (right). PDF, probability density function. 
(C) Two-dimensional manifold projection of our event-coded representation of 
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identity computed as the manifold projection of signed connection rates of all 
neurons in the same exemplar recording session. One symbol represents 

one spike. Indicated is the mean (black). (D) Boxplots of MSR showing significantly 
different values when subjects observed family of other subjects. Shown is Archie 
observing family of Hades (top left, P < 0.001, Nidentities 2 23), Buck observing family 
of Hades (top right, P = 0.003, Nidentities 2 26), Archie observing family of Baloo 
(bottom left, P = 0.017, Nidentities 2 30), and Buck observing family of Baloo 
(bottom right, P = 0.828, Nidentities 2 37). Significance was computed according to 
Student's t test. (E) Latent activity averaged over all recording sessions from 
subjects Archie (left) and Buck (right). Colors indicate average over the family of 
Baloo (blue) and Hades (orange) relative to all conspecifics (gray). Shaded regions 
indicate 95% confidence of the mean estimated through bootstrap. (F) Graph of 
connections bundled between individuals. Triangles in legend indicate family 
members as in (A) and (C). 
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other neurons when normalizing by the same 
background (P < 0.001) (Fig. 3F). Instances 
of face and eye viewing were highly variable 
and not limited to the timing of predictive time 
bins, which suggests that attentional effects 
from visual behavior were not likely driving 
neural activity during these periods (fig. S7). 
We observed considerable overlap between 
neurons with identity-specific and MvMM 
predictive time bins because 82.2% (N = 1196; 
fig. S8A) exhibited predictive time bins in both 
analyses. 


Identity network model 


We developed a stable neural decoder by com- 
bining the firing rates of predictive time bins 
using an ensemble of gradient-boosted deci- 
sions trees (27). When using identity-specific 
time bins, we could reliably decode the iden- 
tity of all marmosets when subjects observed 
their face or voice (accuracy: 77.4%) (Fig. 3G). 
The same approach could successfully decode 
MvMM trials when using MvMM time bins 
(accuracy: 75.7%) (Fig. 3H). The two kinds of 
decoders used mostly different time points, 
with only 24.6% + 1.5% of identity-specific 
time bins overlapping with MvMM time bins 
within the same neurons (fig. S8B). 

To test whether the same population could 
represent multiple cross-modal identities, we 
developed the identity network model (INM), 
which integrates these two decoding approaches. 
The first approach was identical to the identity- 
specific decoder described above, which re- 
sulted in accurate decoding for each individual’s 
face or voice. The second approach classified 
MvMM trials as either match or mismatch but 
was anonymized to individual identity. Our INM 
combined these two approaches to achieve cross- 
modal decoding of individual identity (fig. S9). 
This combination was critical because the 
identity-specific predictive population was only 
accurate for individual identity but performed 
poorly for classifying MvMM (Fig. 3G), whereas 
the MvMM predictive population was the op- 
posite (Fig. 3H). When combined across in- 
dividuals, the INM successfully decoded the 
cross-modal identity of all 12 individuals (ac- 
curacy: 84.5%) (Fig. 31D. Decoding perform- 
ance tested at least 5x above chance when 
distinguishing all individuals (Fig. 3J and 
fig. S10). 

Because identity neurons were included in 
decoding, we investigated whether their ex- 
planatory contribution was disproportionate 
to their sparse distribution. We compared 
INM performance when these neurons were 
removed from the analysis and separately 
used only in the analysis versus an equal num- 
ber of other neurons. We observed no signif- 
icant effect on decoding performance despite 
the consideration of only individuals preferred 
by identity neurons (Fig. 3K and figs. S11 and 
$12), which suggests that these highly selective 
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neurons are no more notable for decoding the 
cross-modal identity of familiar individuals 
in the hippocampus than other neurons in the 
same population. Furthermore, no significant 
effect of identity neurons on decoding was dem- 
onstrated at a larger 5-SD response threshold. 


Social category representations in hippocampus 


An individual’s identity is also coupled to their 
social relationships, such as their family. To 
test whether hippocampus encodes categor- 
ical attributes of social identity, we applied 
nonlinear dimensionality reduction techniques 
(22). Using mean firing rates consistent with 
studies of face and voice processing in the 
primate brain (23), we first verified that these 
reduction techniques were capable of separat- 
ing the stimulus categories at multiple probe 
locations along the anterior-posterior axis (fig. 
S13). We next replicated the findings of the 
INM using the same identity-specific predic- 
tive time bins for marmoset faces and voices 
drawn from the entire hippocampal popula- 
tion and showed that manifold projections 
similarly separated individuals (Fig. 4A and 
fig. S14), including for different subpopula- 
tions of neurons (fig. S14G). This suggests that 
cross-modal identity representations are evi- 
dent in the population activity of marmoset 
hippocampus. 

To investigate whether representation of 
identity can be described by the relative timing 
of spikes, we computed manifold projections 
of spike times recorded during identity-match 
trials (Fig. 4B, left) using parameterless signed 
connection rate features. The signed connec- 
tion rate from one neuron to another describes 
how they interact, which reveals statistical dis- 
tributions specific to any given pair of neurons 
(Fig. 4B, right)—a facet of neural activity dis- 
tinct from the firing rate of any single neuron. 
Each spike was concatenated into a feature 
vector, which was then projected onto the 
manifold as is shown by one symbol (Fig. 4C). 
The feature vector was computed as the signed 
connection rate to each neuron at each ob- 
servation time. Each observation time was a 
spike time of the neuron with the greatest 
number of spikes. Results using this event- 
coded measure revealed excellent separability 
for identity-match trials (Fig. 4C), which there- 
by replicated the effect observed with the INM 
using a distinct facet of neural activity. 

We next investigated whether social cate- 
gories other than identity may likewise be 
represented in event-coded hippocampal ac- 
tivity. We tested whether representations of 
other marmosets’ family members were dis- 
tinct from nonfamily members for the two 
marmosets whose families were not included 
in the stimulus sets using two distinct quan- 
tifications of manifold projections, although 
the pattern was consistent for all subjects. 
First, results revealed a significant difference 
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in the mean square range (MSR) of the mani- 
fold projections along this category boundary 
(Fig. 4D and fig. S15A), which suggests that a 
larger event-coded state space was occupied 
while observing family members (fig. S15B). 
Although these projections were supervised, 
the clustering that emerged on the basis of 
respective social relatedness was unsuper- 
vised. Second, we computed the unsupervised 
latent firing rate as the manifold projection 
of the absolute value of signed connection 
rate. Although individual identities did not 
separate (fig. S16A), we found trajectories that 
appeared stable in time and comparable across 
trials (fig. S16B). The motion of mean latent 
firing rate significantly separated social cate- 
gories at multiple time points for all subjects 
(Fig. 4E and fig. S16, C and D). Together, these 
results demonstrate that neural representa- 
tions of social identity in primate hippocampus 


are not only invariant to the sensory modality 


and comparable over time (fig. S17) but that 
low-dimensional manifolds (Fig. 4F) can describe 
relationships between different social catego- 
ries (e.g., individual identity, family groups). 


Conclusions 


We showed that the cross-modal identity of 
multiple conspecifics is represented in the pri- 
mate hippocampus. Although we identified 
putative concept cells similarly to human 
studies (9, 12), we discovered that this popu- 
lation of highly selective neurons is not the 
only mechanism for representing concepts 
of individuals. Rather, both single neurons 
and the broader population in hippocampus 
encode cross-modal identity of multiple con- 
specifics, similar to what has been reported 
for objects (24), which suggests that the sparse 
representations of concept cells may not be 
the only mechanism to represent semantic 
memory in hippocampus. An important caveat 
to these findings, however, is that our criteria 
for determining the responsiveness of putative 
concept cells differed somewhat from previous 
studies in humans (9-11), as described above. 
It is possible, therefore, that the concept cells 
in marmoset and human hippocampus are not 
strictly analogous. Ultimately, whether these 
neurons are equivalent is not determined solely 
by the physiological properties used to classify 
them in analyses but their functional role in 
memory. To directly address this issue, com- 
parative experiments examining the com- 
putational contributions of concept cells in 
hippocampus across species during memory 
are critical, as such data are currently lacking. 
In addition to these findings at the single- 
neuron level, a population-level code repre- 
senting not only the cross-modal identity of 
multiple familiar individuals but information 
pertinent to social categories was likewise re- 
ported in this study. Information from both 
the putative concept cells and those neurons 
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that encoded multiple identities were inte- 
grated, which suggests that cross-modal iden- 
tity in hippocampus is evident in the ensemble 
activity of this keystone brain structure. Sim- 
ilar to the role of hippocampus in other con- 
texts (fig. $18) (25), the cross-modal identity 
representations revealed in this experiment 
may support a learned schema that here ap- 
plies to social identity (26, 27). That these 
experiments were performed in a highly con- 
strained context limits our ability to deter- 
mine whether such a schema would indeed be 
leveraged in more naturalistic contexts during 
which social decisions on the basis of con- 
specifics’ identity are made continuously (6, 8). 
The presence of unimodal representations of 
identity in the primate frontal and temporal 
cortex (2, 8, 28), amygdala (5, 29), and the 
medial temporal lobe (30) and representations 
of social dominance in the amygdala (37) may 
reflect an integrative social recognition circuit 
in which substrates in the broader network 
play distinct but complementary roles that col- 
lectively govern natural primate social brain 
functions (32). 
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Trivalent rare earth metal cofactors confer rapid 
NP-DNA polymerase activity 


Victor S. Lelyveld', Ziyuan Fang’, Jack W. Szostak?2*:45-6* 


A DNA polymerase with a single mutation and a divalent calcium cofactor catalyzes the synthesis of 
unnatural N3'—-P5' phosphoramidate (NP) bonds to form NP-DNA. However, this template-directed 
phosphoryl transfer activity remains orders of magnitude slower than native phosphodiester synthesis. 
Here, we used time-resolved x-ray crystallography to show that NP-DNA synthesis proceeds with a single 
detectable calcium ion in the active site. Using insights from isotopic and elemental effects, we propose that 
one-metal-ion electrophilic substrate activation is inferior to the native two-metal-ion mechanism. We found 
that this deficiency in divalent activation could be ameliorated by trivalent rare earth and post-transition 
metal cations, substantially enhancing NP-DNA synthesis. Scandium(IIl), in particular, confers highly specific 
NP activity with kinetics enhanced by more than 100-fold over calcium(II), yielding NP-DNA strands up to 


100 nucleotides in length. 


he principal chemistry at the core of 

RNA and DNA metabolism is phospho- 

diester synthesis. Polymerases generate 

nascent strands of genetic material by 

stepwise phosphoryl transfer of nucleo- 
tides to primer termini, yielding O3'—P5’ phos- 
phodiester linkages. This template-directed 
process is conserved across all known biology. 
Nucleotide 3’ substitutions have therefore 
been widely regarded as chain terminating for 
polymerase activity, forming the basis for a 
class of nucleoside analog drugs (J, 2). 

In recent work, we demonstrated the direct 
enzymatic synthesis of an unnatural linkage 
by substitution of the 3’-OH nucleophile with 
a 3/-amine, extending the chemistry amenable 
to polymerase catalysis (1). We reported that 
3'-NH, primer extension can be catalyzed by a 
modified DNA polymerase, yielding N3’—P5’ 
phosphoramidate DNA (NP-DNA; Fig. 1, A 
and B). The large fragment of DNA polymerase I 
(BF), cloned from the thermophilic soil bacte- 
rium Geobacillus stearothermophilus (Bst), ac- 
quires nontrivial levels of N3'—P5' polymerase 
activity through two unexpectedly minor sub- 
stitutions: a single active-site mutation (F710Y) 
and substitution of its divalent Mg”* cofactors 
with Ca?* (7). However, this level of activity 
remained around four orders of magnitude 
slower than native phosphodiester synthesis. 
Although NP synthesis was detectable in the 
presence of several divalent alkaline earth 
metal ions, the pattern of metal cofactor activ- 
ity was distinct from that found in native phos- 
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phodiester activity (3). Crystal structures of the 
ground-state NP reaction complex showed a 
single metal ion in the active site (1), suggest- 
ing a plausible distinction between the NP 
mechanism and the classical two-metal-ion 
mechanism in native phosphodiester activity 
(4). Whether NP catalysis does in fact rely on 
a distinct mechanism with a nonclassical co- 
factor configuration remains to be established, 
as do the critical factors limiting the kinetics of 
NP synthesis. 


Linearly correlated density dynamics in 
reacting BF crystals during NP synthesis 


To understand the mechanistic barriers to rapid 
enzymatic NP-DNA synthesis, we first sought 
to observe NP bond formation through crystal- 
lography. In previous x-ray crystal structures 
of the fully assembled NP polymerase pre- 
insertion complex, we modeled a single divalent 
metal ion in the reaction center, occupying a 
site distal to the primer-terminal nucleophile (2). 
This site is equivalent to the so-called “B site” in 
the classical two-metal-ion reaction center and 
includes inner sphere ligands from the substrate 
triphosphate moiety, the side chains of Asp*”° 
and Asp’, and the backbone amide of Tyr®™*. 
No evidence for an “A-site” metal proximal to 
the primer 3'-amino terminus was observed 
in these earlier prechemistry model structures, 
a finding consistent with the expectation that a 
neutral amine is the nucleophile in NP synthe- 
sis. However, earlier structures did not fully 
recapitulate the active NP reaction center or 
the product state (7). The A-site metal ion can 
also be poorly ordered even in structures 
of the native polymerase reaction complex. 
Nakamura et al. reported that accumulation 
of an additional metal ion in a “C site” of poly- 
merase n, a polymerase Y family member, 
occurs in a manner linearly correlated with 
bond formation, suggesting that the product 
state’s postchemistry metal configuration may 
be distinct from that observed in the prechem- 
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istry reaction complex (5). This observa He 
was subsequently extended to polymerat.— 
family members (6, 7). To add evidence that a 
single divalent metal ion cofactor catalyzes 
unnatural NP synthesis in BF, a polymerase A 
family member, we performed a single-nucleotide 
primer extension reaction in intact crystals (Fig. 1, 
Bto D). We crystallized active substrate-bound 
BF polymerase F710Y/D598A with a 3’-amino- 
terminal DNA primer and DNA template in 
the presence of Ca”* and 2'-deoxyguanosine 5'- 
triphosphate (dGTP). Reactions were then ini- 
tiated in the intact crystals by a pH shift from 
an acidic mother liquor (pH < 6) to a basic 
soaking liquor at pH 8.8, and reacting crystals 
were quenched at various times by flash freez- 
ing (Fig. 1, C and D). 

Quantitative analysis of electron density 
dynamics is complicated by crystal-to-crystal 
variance in diffraction datasets. We therefore 


incorporated datasets arising from up to four * 


crystals at each of six time points after ini- 
tiation. By scaling reflections from 19 total crys- 
tals (resolution 2.0 to 2.7 A) across the time 
course (0 to 24 hours), we could estimate voxel- 
wise first-order rate constants for changes in 
real-space electron density across the asym- 
metric unit and particularly at the reaction 
center (Fig. 1D, bottom left panel). Early time 
points show negligible differences in ordered 
density between the ground-state complex crys- 
tallized under acidic conditions versus the com- 
plex after 1 hour of soaking under reaction 
conditions, suggesting that the reactant state 
and ground state cannot be clearly distin- 
guished in this resolution range. By following 
the reaction at subsequent times, we observed 
monotonic accumulation of nascent NP bond 
density between the primer terminal 3’-amino 
group and the substrate a-phosphate with con- 
comitant loss of electron density between the 
a- and B-phosphates with similar first-order 
rate constants (Fig. 1D). 

By inspecting the kinetics of density changes 
at nearby sites, we observed that the most prom- 
inent local density dynamics in the active site 
had simple linear relationships with nascent 
bond formation. Pairwise linear regression 
yields the relative slope (6) of density changes 
occurring at any two points across the time- 
resolved dataset (Fig. 2, A and B). Performing 
this regression at all points in the asymmetric 
unit versus the nascent bond furnished a field 
of B values or “beta map” in real space, which 
could be contoured at a desired threshold of 
|B| to give isosurfaces for visualization (Fig. 
2C). To show that regions with high |f| are also 
highly correlated, we produced pairwise Pearson 
correlation maps using a similar procedure (Fig. 
2D). Regions of local conformational dynamics 
were qualitatively in agreement between corre- 
lation maps with coefficient 7 contoured at |7| > 
0.9 (Fig. 2D) versus regression maps contoured 
at |B| > 0.45 (Fig. 2C). When beta maps were 
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Fig. 1. NP polymerase activ- 


ity proceeds in crystallo by _ ig ig ie 
a one-metal-ion mecha- OQ OBO SO 
nism. (A) Condensation of 

nNTPs generates NP-DNA. 

(B) Reaction scheme for nNTP 


BF-catalyzed primer extension 
of a 3’-amino-terminal primer 
on a DNA template, yielding Cc 
pyrophosphate and an NP- 
linked +1 nucleotide extension. 
R = OH for in crystallo single- 
nucleotide addition of dGTP 
with co-crystallized divalent 
metal ion cofactor Ca’*, 
whereas R = NHp for multiple 
turnover extension in solution 
to synthesize NP-DNA poly- 
nucleotide strands in the pres- 
ence of divalent (M**) or 
trivalent (M°*) metal ion 
cofactors. (C) Ribbon cartoons 
of BF polymerase ground-state D 
(GS) holocomplex x-ray crystal 
structure with 3'-amino-terminal 
DNA primer (green ribbon) 
and DNA template (cyan) with 
bound dGTP substrate and a 
single Ca** ion (green atom) in 


Thumb 


the canonical metal-B site (left "rine, / 
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unit. All analyses performed 
here derive from the first 
complex (structure chains A 
to C), but consistent trends 
are seen in both. Dotted circle 
indicates the position of a 
missing A-site metal in 
analogous models of the 
canonical phosphodiester 
synthesis mechanism but 
not observed in closed 
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structures of the in situ synthesized NP bond. (D) Representative time-dependent 
difference maps (F, — F.) showing density changes in the BF F710Y/D598A 

active site during NP bond formation in crystallo. GS crystals containing a 3'-amino- 
2',3'-dideoxycytidine (nC) terminated primer and DNA template were formed 
under acidic conditions (pH 5 to 6) in the presence of Ca** and dGTP, and 
the in situ reaction was initiated by transferring crystals to a solution at 

pH 8.8. The reaction in intact crystals was quenched at the indicated times by 


contoured at |f| > 0.9, we observed that the in- 
cluded voxels were tightly constrained to the site 
of the nascent NP bond and the scissile P,-O,.s 
bond (fig. SLA). No other linear density dynamics 
were larger in scalar magnitude than the chem- 
istry itself during bond formation in crystallo. 

Inspecting the isosurfaces contoured at |B| > 
0.45, we observed four major density perturba- 
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tions that were also highly correlated (|7| > 0.9) 
with the nascent bond (Fig. 2B, i to iv): (i) dis- 
placement of the terminal phosphodiester link- 
age between the -1 position and the primer 
terminus; (ii) a conformational switch of the 
substrate deoxyribose moiety from C2’-endo 
to C3’-endo, matching the sugar pucker of the 
primer terminus; (iii) a small deflection of the 
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flash freezing for subsequent data collection. Positive (aquamarine mesh) or 
negative (red mesh) isosurfaces are shown contoured at 2.5 o and superimposed 
on the GS model. Bottom left inset: normalized density change extracted 

from difference maps at the nascent N-P (aquamarine) and scissile O-P (red) 
bonds quantified from 19 crystals (dots). Observed first-order rate constant 
estimates, kyp and kpo, for the density changes + SD are plotted (solid line + 


K706 side chain toward the substrate bridging 
a,B-oxygen, homologous to a putative general 
acid in the native mechanism (8); and finally (iv) 
disordering of the leaving group pyrophosphate 
moiety. As apparent from the high correlation 
coefficients, maps generated as 1 - p for two- 
tailed P values determined for the correlation 
field versus the nascent bond show that all of 
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[B| > 0.45 


Fig. 2. One-metal-ion NP catalysis is limited by deficient substrate activa- 
tion. (A) Voxelwise linear regression analysis of density dynamics in crystallo. 
Difference map (F, — F,) densities derived from reacting crystals quenched at 
various times yield kinetic traces at a reference point (Ref.) or any query point of 
interest. A pairwise linear regression slope (B) of density changes at the 
reference versus query points can be estimated for any two points in real space. 
(B) Regression statistics of key density dynamics during NP synthesis in BF 
F710Y/D598A. Insets i to iv show difference map density derived from individual 
crystals at four major active-site blobs indicated in (C). Left panels: first-order 
kinetics of density differences from individual crystals (dots) over reaction time, 
with values for the estimated rate constant + SD plotted (solid line + shaded 
area). Right panels: pairwise linear regressions, coefficients of determination 
(R*), and correlation coefficients (r) of difference map densities at the indicated 
site versus the NP bond across all crystals. (C) Pairwise linear regression “beta” 
map calculated at all points versus the nascent NP bond (black wedge) with 


these active-site dynamics were highly signifi- 
cant with P < 10° (fig. S1B). Deflection of K706 
toward the substrate o,f-bridging oxygen was 
well resolved on the beta map as positive and 
negative lobes surrounding terminal atoms of 
the side chain (Fig. 2E). This motion is note- 
worthy because the site is structurally homol- 
ogous to the C-site metal-ion density reported 
for X- and Y-family polymerases (5, 6, 7, 9). 
Crucially, no well-correlated density changes 
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conformational dynamics 


were observed at a position equivalent to the 
absent A-site metal in the native mechanism 
(Fig. 2F). 

Conformational changes in both the upstream 
and downstream nucleotides flanking the nas- 
cent bond were linearly correlated with covalent 
bonding (Fig. 2B, i and ii and C and D). The 
upstream conformational change at the primer- 
terminal linkage was also observable in time- 
resolved datasets of native phosphodiester 
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positive (aquamarine mesh) or negative (red mesh) B displayed as isosurfaces 
superimposed on the GS structure and contoured at |B| > 0.45. (D) Pearson 
correlation map of the active site contoured at |r| > 0.9 calculated by pairwise 
comparison of all voxels versus the peak of the nascent bond (black wedge), with 
positive (aquamarine mesh) or negative (red mesh) correlation displayed as 
isosurfaces superimposed on the GS structure. (E) Alternative view of the beta 
map contoured at || > 0.4, highlighting positive and negative beta peaks at sites 
(purple wedges) associated with a conformational change at the side chain of 
Lys’ [positive lobe quantified in (B), ji] in the direction of the substrate Ou.p 
bridging position and the scissile bond, as well as the conformation change in the 
dGTP substrate sugar [gray wedges, positive lobe quantified in (B), ii]. (F) Pairwise 
linear regression and correlation statistics versus the nascent bond calculated at 
a position equivalent to the absent A-site metal [gray “A” label in (C) and (D)]. 
(G) Cartoon overlay of GS (peach) and PS (blue) models with indicated 


abeled as in (B) to (E). 


synthesis in polymerase n (5). The downstream 
conformational change in the dGTP substrate 
sugar from C2’- to C3’-endo upon product 
formation (Fig. 2, B, inset ii, and E), however, 
was not observed in an equivalent time-resolved 
experiment with the wild-type enzyme, in which 
the conformation was stably C3'-endo (fig. S2). 
Although interesting, a ground-state confor- 
mational change in the deoxynucleotide sub- 


strate is unlikely to be relevant to 3'-amino 
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nucleotides, which already prefer the C3’- 
endo conformation due to a mixture of steric 
and anomeric effects (see the supplementary 
materials) (10). 


Isotopic and elemental substitution effects 
point toward rate-limiting chemistry with Ca7* 


Reacting crystals were sampled on atime scale 
vastly slower than that of conformational 
dynamics such as furanose pseudorotation. The 
crystal data are therefore not directly informa- 
tive of the relative sequence and magnitude of 
these reaction barriers. To gain more insight 
into the rate-limiting step for NP synthesis, we 
turned to solution-phase kinetics. Two proton 
transfers have been detected in the rate-limiting 
step of native polymerase activity using careful 
measurements of the solvent deuterium kinetic 
isotope effect (SDKIE) (8, 17). In NP synthesis, 
it is minimally required that one proton arising 
from the 3’-amino nucleophile must ultimately 
be transferred out of the reaction center in the 
forward reaction, yielding the product phos- 
phoramidate. The conserved Asp*” side chain, 
proximal to the nucleophilic primer 3’-amine 
at ~2.5 A in refined ground-state structures 
(Fig. 3B), is the most likely general base me- 
diating this proton transfer. A sterically con- 
servative point mutation at this position, D830N, 
entirely abolishes activity (7). We found that 
the effect of varying mole fraction, n, of DO 
solvent on pre-steady-state NP reaction kinet- 
ics was negligible, yielding an SDKIE estimate 
of 1.16 for 3'-amino primer extension in the 
presence of Ca** and dCTP (Fig. 3A). In native 
phosphodiester polymerases, this value has 
generally been measured in the 2 to 5 range 
(8). The substantially lower value measured 
here suggests that proton transfer is not a criti- 
cal barrier in the NP reaction with Ca?”. 

If the chemical step of NP bond synthesis 
sets the overall reaction rate, then modulating 
the electrophilicity of the substrate should 
show an appreciable kinetic effect. We there- 
fore measured the nonbridging elemental 
thio substitution effect in solution using stereo- 
pure Sp or Rp diastereomers of dCTPaS. We 
found that the thio effect was ko/Ks = 10.6 + 0.5 
(mean + SD) when substituting the dCTP 
substrate with Sp-dCTPaS in pre-steady-state 
extension of a 3’-amino terminus at 45°C (Fig. 3, 
C and D). Elemental thio effects of similar 
magnitude have been observed for native poly- 
merase mismatch extension or when the di- 
valent cofactors are Mn”* rather than Mg”*, 
both conditions for which the chemical step ap- 
pears to be rate limiting (Z/, 12). The thio effect 
was compounded by an additional fourfold 
for the Rp substrate versus the Sp substrate 
(Fig. 3D), consistent with the coordination 
geometry seen in crystal structures (Fig. 3B). 
The interpretation of thio effects has long 
been a matter of debate in phosphoryl transfer 
catalysis, given the potential for complicating 
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Fig. 3. Probing for rate-limiting chemistry in NP-DNA synthesis in solution. (A) Pre-steady-state 
solvent deuterium kinetic isotope effect estimated from the slope of the line k,/ky20 = 1 + n(@-1) for 3'-amino 
primer extension with 1 mM dCTP and 10 mM CaCl, in varying mole fractions, n, of D20. The quantity 1/@ is 
the SDKIE, estimated at 1.16 with 95% confidence interval (1.09 to 1.23) in the shaded region. (B) Atomic 
model distances in the GS reaction complex for the primer-terminal (nC) 3'-amine to the D830 side chain or 
to the substrate P,. Gray mesh overlay indicates 2F, — F, density map contoured at 2.5 o. (C) Effect of 
a-phosphorothioate substitution on pre-steady-state Ca**-activated NP synthesis at 45°C with 500 uM 
Sp-aS, Rp-aS, or unmodified dCTP substrates and BF F71OY. Inset: fluorescently labeled primer and template 
strand for the experiments in (A), (C), and (D). Representative 15% tris-borate EDTA (TBE)—-urea PAGE 
separation of quenched reaction samples is shown. Only the first addition to this primer forms an NP or NPS 
linkage in the presence of 2’-deoxyribose substrates, yielding subsequent phosphodiester or phosphorothioate 
products, including mismatch extension products. (D) Elemental thio effects (labeled arrows, mean + SD) 
estimated from the pre-steady-state rate constants (Kpo1, error bars indicate SD, n = 3) for reactions with 
substrates as in (C). 
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Fig. 4. Comparison of reaction models for phosphodiester and phosphoramidate synthesis in BF. 

(A) Model for the canonical two-metal ion “di-divalent” mechanism for native phosphodiester activity. 

(B) Model for the mono-divalent mechanism for Ca**-catalyzed NP activity. (C) Proposed mono-trivalent 
mechanism for REE-catalyzed NP activity. Note that neither inner sphere waters nor exact proton-transfer 
pathways have been depicted. Two rate-limiting proton transfers have been detected for native activity 

(8, 11), but proton transfer is not rate limiting for mono-divalent NP activity with Ca?*. At least one proton 
must nevertheless be transferred to generate the phosphoramidate product from the attacking neutral 
amine. In BF, these transfers likely involve deprotonated D830 as a general base and protonated K706 as a 
general acid. 
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Fig. 5. Trivalent rare earth metal ion cofactors confer rapid NP polymerase 
activity. (A) Pre-steady-state kp.) estimates for extension of a 3'-amino- 
terminal DNA primer on a DNA template (inset cartoon) by BF F710Y/D598A at 
55°C in the presence of various 1:1 ammonium citrate—buffered trivalent metal 
cations at 5 mM in 40 mM Tris-HCl, pH 8.8, 2 mM BME, in reactions initiated by 
addition of 250 uM nCTP. Estimates are displayed in linear (top) and log-scaled 
activity (dotted line). Inset: 
representative 15% TBE-urea PAGE of quenched reaction samples from BF 
F710Y/D598A 3'-amino primer extension reactions in the presence of 5 mM Sc>* 
showing +1 and +2 NP-DNA extension at the indicated times. ND, not detected. 
Error bars indicate SEM for n = 4 (Sc** and Lu>*) or n = 3 (In®* and Y°*). 

(B) Mixed-sequence NP-DNA synthesis with excess BF F710Y/D598A on a 71-nt 


(bottom) axes compared with the level of Ca?* 


steric effects with phosphorothioate substrates 
(12, 13). Nevertheless, a plausible interpreta- 
tion of the observed thio effects is that the 
chemical step sets the overall reaction rate 
for NP synthesis. 


Electrophilic substrate activation as a 
probable deficiency in NP catalysis with Ca2* 


If the chemical step is in fact rate limiting but 
proton transfer is not, then an augmented 
barrier to NP versus phosphodiester synthesis 
could, at least in part, originate from an altered 
metal-ion configuration in the presence of a 3'- 
amino primer. In the native reaction center, it 
is generally understood that the A-site metal 
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(left image) or 100-nt (right image) DNA-templating region at 55°C from a 
5'-fluorescein-labeled 3'-amino-terminal DNA primer in the presence of 1:1 
ammonium citrate—buffered 5 mM Sc** or Lu**, as indicated, in 40 mM Tris-HCl, 
pH 8.8, 10 mM BME, and 25 uM spermine-HCl. Reactions were initiated by the 
addition of a 250 uM concentration of each nNTP, sampled and quenched at 
the indicated times, and samples were separated on 10% (left) or 8% (right) 
TBE-urea PAGE gels. (C) Elemental thio effects (labeled arrows, mean + SD) for 
Sc?*-activated NP synthesis with 500 uM Sp-oS, Rp-aS, or unmodified dCTP 
substrates at 45°C estimated from kpoi (error bars indicate SD, n = 3) using a 
fluorescently labeled primer and template strand (cartoon at top), yielding 
exclusively +1 product due to high NP(S) specificity. (D) Representative 15% 


ion activates the 3’-OH nucleophile by inner 
sphere coordination, yielding a metal alkoxide 
in the transition state, but numerous crystallo- 
graphic models of reaction intermediates also 
show that the octahedral ion bound at the A 
site forms an additional inner sphere contact 
with the substrate pro-Rp a-phosphate non- 
bridging oxygen (/4). It has been indepen- 
dently argued that the role of the conserved 
polymerase dinuclear metal center (Fig. 4A) is 
to stabilize the transition state electrostatically 
on the basis of linear free energy relationships 
obtained from Bregnsted plots of pre-steady- 
state kinetics in polymerase f, harnessing a 
series of Og, bridge substituent-modified sub- 
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TBE-urea PAGE separation of quenched samples for the reactions in (C). 


strate analogs with varying leaving group pK, 
(15, 16). The catalytic effect of the A-site metal 
in native activity likely encompasses several 
effects, but any catalytic effect conferred by 
the presence of an A-site metal ion on sub- 
strate activation, as opposed to nucleophile 
activation, is absent for NP synthesis. The lack 
of electron density for an A-site metal ion in 
the ground state and at later time points is 
also consistent with the expectation of a neu- 
tral nucleophile in the NP reaction and the 
generally weak affinity of aliphatic amines 
for Ca?*. Because neither the apparent bind- 
ing constant nor the active-site conforma- 
tion is significantly perturbed by the presence 
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of a 3'-amino nucleophile (J), a significant 
contributor to the kinetic defect for NP ver- 
sus phosphodiester synthesis may therefore 
be the relative loss of transition state stabi- 
lization associated with the missing A-site 
metal cofactor for the reaction with an amino 
nucleophile. 

If the native metal cofactors act, at least in 
part, on the native transition state by charge 
stabilization, then it is noteworthy that the net 
effect of the absence of one divalent ion (with 
disengagement of its conserved ligand, Glu®") 
would be to decrease the formal net charge of the 
transition state complex by 1 (Fig. 4, A and B). 
Outer sphere charge mutations may not be able 
to compensate for this inner sphere defect, par- 
ticularly if the role of the missing metal in 
native activity is partially to contribute to 
stabilizing the developing charge polarization 
across the scissile bond. This view is consistent 
with the observation that eliminating the neg- 
ative charge on the disengaged native ligand 
by the mutation E831Q fails to enhance NP 
synthesis kinetics (7). 


Trivalent metal ions confer rapid and specific 
NP synthesis activity 


On the basis of this activation argument and 
the observed thio effect, we hypothesized that 
substitution of a trivalent cation into the metal 
site B might compensate for the electrostatic 
component of the catalytic defect resulting 
from the absence of the A-site metal, following 
the hypothetical reaction structure depicted 
in Fig. 4C. Upon screening a series of redox- 
stable trivalent metal ions, we indeed found that 
an exotic series of trivalent metal ions could act 
as polymerase cofactors for rapid catalysis of 
NP bond formation (Fig. 5). The diamagnetic 
group three trivalent rare earth element (REE) 
cations scandium (Sc**), yttrium (Y?*), and 
lutetium (Lu®*), as well as the post-transition 
metal ion indium (In**), all significantly im- 
proved single-nucleotide 3’-amino primer exten- 
sion (Fig. 5A), as well as NP-DNA polymerization 
with all four 3’-amino 2',3'-dideoxynucleoside 5’- 
triphosphates (nNTPs) on mixed-sequence 
templates (Fig. 5B and figs. $3 and $4). Sc?* in 
particular accelerated pre-steady-state rate con- 
stants for nCTP addition by ~100-fold at 55°C to 
7.1+0.5 min ‘(mean + SEM) versus 0.069 min? 
for Ca?* (1), suggesting a stabilization effect of 
approximately -3 kcal/mol. Lu®* yielded simi- 
lar levels of burst activity, kpo1 = 6.9 + 0.7 min? 
(mean + SEM), but had far weaker multiple 
turnover activity in long primer extensions rel- 
ative to Sc** (Fig. 5B and fig. S3). NP-active tri- 
valent ion cofactors have a wide range of pK, 
values for the aquo ion, are prone to hydrolysis 
under the reaction conditions, and have a ten- 
dency to precipitate nucleotides and other phos- 
phates. We found that reaction conditions were 
optimal when these ions were buffered at ~1:1 
stoichiometry with citrate such that all reac- 
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tion components remain homogeneously solu- 
ble (fig. S4). Although the reaction kinetics were 
quite sensitive to the metal:citrate stoichiome- 
try, they were not appreciably sensitive to the 
concentration of 1:1 Sc**:citrate in the low- 
millimolar range (0.5 to 10 mM) in the presence 
of 1 mM total nNTPs (fig. $4). However, it is 
known that the metal-ligand stoichiometry 
of trivalent REE citrate complexes in solution 
is diverse (17). 

Trivalent metal ion cofactors confer exqui- 
sitely specific catalysis of NP versus phospho- 
diester chemistry. We found that the pre- 
steady-state rate constant for extension of a 
native DNA 3’-OH terminus with nCTP in the 
presence of Sc?* was 5.5 + 0.6 x 10°? min’, 
which is at least three orders of magnitude 
slower than 3'-NH, extension (fig. S3B). 
NP-DNA synthesis activated by Sc®* was also 
inhibited by added Mg”* in the low millimolar 
range optimal for native activity (fig. S5A). The 
mutation D830N was completely inactivating, 
whereas the adjacent E831Q mutant exhibited 
wild-type activity in long extensions (fig. S5B), 
consistent with the active-site configuration 
proposed in Fig. 4C. Another notable feature 
of trivalent NP catalysis is an apparent in- 
verse elemental thio effect. We found that the 
Sc?* thio effect was 0.58 + 0.07 (mean + SD) at 
45°C, indicating a significant preference for 
phosphorothioate substrates to yield thio- 
phosphoramidate (NPS) linkages (Fig. 5, C 
and D). Inverse thio effects are more readily 
explained in the context of inverted stereo- 
specificity with thiophilic metal cofactor sub- 
stitution, but in this case the catalyzed reaction 
remained highly specific (66-fold) for the Sp 
over Rp substrates at 45°C. Synthesis of the 
potentially clinically relevant NPS linkages 
under these conditions was confirmed by high- 
resolution mass spectrometry (fig. S6). 

NP-DNA synthesis on long templates was 
aided by the addition of polyamines (fig. S4). 
With spermine and Sc**, full-length products 
on mixed-sequence DNA templates up to +71 
nucleotides (nt) or, with additional enzyme, up 
to +100 nt, could be synthesized in 1 to 2 hours 
at 55°C (Fig. 5B and fig. S4). Polyamine rescue 
is consistent with linkage-dependent confor- 
mational effects on duplex helicity for NP- 
DNA:DNA hybrids that arise during long-range 
primer extension synthesis, or it might reflect 
competition for inhibitory metal coordination 
sites. Activation by spermine was optimal at 
low micromolar concentrations, consistent 
with its reported effects on Klenow activity 
previously attributed to helicity effects (78). 
Under these conditions, NP-DNA synthesis 
remains highly determined by template se- 
quence, because omission of any single amino- 
nucleotide from the nNTP mixture markedly 
stalled extension activity at or immediately 
before the first template position complemen- 
tary to the missing substrate (fig. S7A and B). 
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Extension products also show characteristic 
features expected from the incorporation of 
unnatural NP linkages, such as acid lability at 
elevated temperature (fig. S7A and B, HOAc 
lanes) and high resistance to 3’-5' exonuclease 
I activity (fig. $7, C and D). 


Discussion 


Unlike native phosphodiester catalysis, only a 
single metal ion cofactor is detectable by crys- 
tallography during NP catalysis. Although tran- 
sition states and other short-lived intermediates 
were not directly observable in our studies, the 
totality of the evidence supports a single-metal 
ion mechanism with weakened substrate acti- 
vation in 3’-amino primer extension by BF. 
From this inference, we identified a series of 
trivalent metal ion polymerase cofactors with 
markedly enhanced reactivity and specificity 
for NP-DNA synthesis. Relative to the wild-type 
BF DNA polymerase, combining a single active- 
site point mutation with trivalent REE cofactor 
substitution accelerated NP synthesis by well 
over 1000-fold, yielding template-directed NP- 
DNA strands of useful lengths in benchtop 
enzyme reactions. In the presence of Sc?* 
and spermine, overall NP polymerase reaction 
time to yield full-length products (~0.9 to 
1.3 min/nt at 55°C) was similar to that re- 
ported for certain evolved xenonucleic acid 
(XNA) polymerases producing OP-linked strands 
incorporating synthetic sugars [0.75 to 1.5 min/nt 
at 50 to 65°C (19)]. REE-catalyzed NP polymerase 
reactions are therefore comparable to those of 
extensively mutated polymerases engineered 
for alternative phosphodiester synthesis activi- 
ties by directed evolution (20). This finding 
suggests that the evolutionary distance to ca- 
talysis of distinct chemistry may be negligible 
when alternative cofactors are present, given a 
conservatively modified substrate. By compari- 
son, recovering a conserved chemistry with 
highly divergent substrates may require a more 
extensive search of sequence space. 

The considerable catalytic advantage con- 
ferred by trivalent metal ion cofactors implies 
that a broader family of polymerase activities 
may be accessible by directed evolution of sub- 
strate specificity given the well-demonstrated 
ability of evolutionary methods to optimize 
native catalysis on XNA substrates (20, 21). 
NP-DNA falls within a class of phosphorami- 
date nucleic acids that have long been valued 
for their potential utility as nuclease-resistant 
antisense oligonucleotides (22). These poly- 
mers have also been extensively studied for 
their nonenzymatic self-assembly from chemi- 
cally activated phosphorimidazolide nucleo- 
tide analogs (23-26) on a path to developing 
synthetic protocells and model systems for 
key aspects of abiogenesis (27, 28). Despite 
lacking a 2'-OH group, short synthetic NP-DNA 
duplexes adopt a conformational geometry 
more similar to RNA than to DNA (0) such that 
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these polymers are viable templates for reverse 
transcriptase activity (29) but are poor sub- 
strates for several classes of nucleases (30, 31). 
Whether NP polymers are, like RNA, fully 
functional Darwinian polymers remains a mat- 
ter of considerable interest. The development 
of practical levels of NP polymerase activity is 
a crucial step on the path to demonstrating 
that this class of synthetic genetic materials is 
in fact functional and evolvable. 
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Observation and control of hybrid 
spin-wave—Meissner-current transport modes 


M. Borst, P. H. Vree, A. Lowther, A. Teepe, S. Kurdi, I. Bertelli, B. G. Simon, 


Y. M. Blanter, T. van der Sar* 


Superconductors are materials with zero electrical resistivity and the ability to expel magnetic 
fields, which is known as the Meissner effect. Their dissipationless diamagnetic response is central 
to magnetic levitation and circuits such as quantum interference devices. In this work, we used 
superconducting diamagnetism to shape the magnetic environment governing the transport of 

spin waves—collective spin excitations in magnets that are promising on-chip signal carriers—in a 
thin-film magnet. Using diamond-based magnetic imaging, we observed hybridized spin-wave— 
Meissner-current transport modes with strongly altered, temperature-tunable wavelengths and 

then demonstrated local control of spin-wave refraction using a focused laser. Our results demonstrate 
the versatility of superconductor-manipulated spin-wave transport and have potential applications 


in spin-wave gratings, filters, crystals, and cavities. 


he ability to control the transport of spins 

and charges with metal electrodes is fun- 

damental to information-processing 

devices and an indispensable tool in 

quantum and condensed-matter physics. 
Although devices such as spin valves and tran- 
sistors are based on the transport of uncorre- 
lated particles (7), the excitations of magnetic 
materials, known as spin waves, are emerging 
as promising alternative information carriers (2). 
These collective spin excitations provide new 
opportunities for realizing analog or binary 
device functionality based on their wave nature, 
nonreciprocal transport properties, and low 
intrinsic damping (3). 

Control of spin-wave transport is possible by 
heavy-metal electrodes that enable modulation 
by means of the spin-Hall effect (4-6) or by 
auxiliary magnetic materials that modify the 
spin-wave spectrum (7, 8). However, metallic 
gates can also introduce additional spin-wave 
damping because of uncontrolled spin pumping 
or spin-wave-induced eddy currents (6, 9, 10). 
Furthermore, the diamagnetic response of 
normal metals is dominated by ohmic resistance, 
precluding effective stray-field control of the 
spin-wave spectrum. 

An attractive approach for strong, low-damping 
spin-wave modulation is to use superconduct- 
ing electrodes. Superconductors are materials 
with zero electrical resistivity and a strong 
diamagnetic response that enables the crea- 
tion of magnetic shields, magnetic lenses, and 
circuits such as quantum bits and quantum 
interference devices (11, 12). Spin-wave spec- 
troscopy measurements have demonstrated 
that superconducting strips on magnetic films 
can alter the spin-wave spectrum through the 
backaction of induced currents (13) or the in- 
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teraction with Abrikosov vortices (74). Recently, 
it was proposed to harness the diamagnetism 
of a superconductor to create the spin-wave 
equivalents of optical mirrors and cavities (75). 
Being able to image and control spin waves as 
they travel underneath superconducting elec- 
trodes would enable insight into the nature of 
the spin wave-superconductor interaction and 
unlock opportunities to control the propaga- 
tion, dispersion, and refraction of spin waves. 

In this work, we developed, imaged, and 
studied temperature-, field-, and laser-tunable 
spin-wave transport enabled by a supercon- 
ducting strip on a thin-film magnetic insu- 
lator (Fig. 1A). We used magnetic resonance 
imaging based on nitrogen-vacancy (NV) spins 
in diamond (16-18) to study the spin waves 
as they travelled underneath the optically 
opaque superconductor. 


Imaging hybrid spin-wave—Meissner-current 
transport modes using spins in diamond 


Our system consisted of a thin film of yttrium 
iron garnet (YIG), a magnetic insulator with 
low spin-wave damping (2), equipped with gold 
microstrips for spin-wave excitation and a 
molybdenum-rhenium superconducting strip 
for spin-wave modulation (Fig. 1A). To image 
the spin waves, we placed a diamond mem- 
brane that contained a thin layer of NV sensor 
spins on top of the sample (Fig. 1A and fig. S1) 
(18, 19). These spins detect the spin waves by 
their microwave magnetic stray fields, which 
enables imaging through optically opaque 
materials (10). The sample was embedded in a 
variable temperature cryostat with a base tem- 
perature of 5.5 K and free-space optical access 
to read out the NV sensor spins. 

NV centers are atomic defects in the dia- 
mond carbon lattice with an S = 1 electron 
spin (16). The sensitivity of the NV spin to 
magnetic fields, combined with its optical spin 
readout and excellent spin coherence, has en- 
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ranging from condensed-matter science t¢-5= 
ology and biophysics (20-22). Here we used 
the sensitivity of the NV spins to microwave 
magnetic fields to image the spin waves in 
our YIG film (17, 18, 23, 24). When resonant 
with an NV electron spin resonance (ESR) fre- 
quency, the stray field of the spin waves drives 
transitions between the NV spin states, which 
we detected through the spin-dependent NV 
photoluminescence under green-laser excitation. 

We applied a magnetic bias field to tune the 
NV ESR frequency into resonance with spin 
waves of different spin wavelengths (Fig. 1B). 
By orienting the field along one of the four 
possible crystallographic NV orientations (Fig. 
1A), we split the ESR frequency of this “field- 
aligned” NV ensemble (f;) off from that of the 
three other NV ensembles (5) as shown in the 
optically detected resonance spectrum of Fig. 
1C. Alternatively, we applied the field in plane 
along % to enable measurements at different 
frequencies at a given magnetic field. Because 
the applied magnetic fields are much smaller 
than the YIG saturation magnetization, the 
YIG magnetization lies predominantly in-plane 
along 2 for both field orientations (Damon- 
Eshbach geometry). 

To demonstrate the spin-wave modulation 
capabilities of our superconductor, we imaged 
the spin-wave transport above and below the 
molybdenum-rhenium (MoRe) superconduct- 
ing transition temperature T, = 8.7 K (Fig. 2, A 
to D). We generated NV-resonant spin waves 
with wavevector k = kyby applying a micro- 
wave current at NV frequency f, to the gold 
microstrip located just left outside of the im- 
aging area. The interference between the mi- 
crowave magnetic stray field generated by 
these spin waves and the direct microstrip 
field leads to a spatial standing-wave modula- 
tion of the NV ESR contrast (17, 78). Crucial for 
our measurements, this interference effect en- 
ables a straightforward extraction of the spin 
wavelength. The spatial map of the ESR con- 
trast C, at T = 10.7 K (above 7.) shows spin 
waves traveling toward and then underneath 
the MoRe strip without a change in wavelength 
(Fig. 2B). By contrast, the spin-wavelength in- 
creased almost twofold when the strip was 
cooled into its superconducting state at T = 
5.5 K (Fig. 2C). Averaging the maps along & 
(Fig. 2E) highlights the spatial homogeneity of 
the wavelength change. 

We explained the superconductor-induced 
change of the spin wavelength by developing 
an analytical expression for the spin-wave dis- 
persion in a magnet-superconductor thin-film 
hybrid. In this model, building on the formalism 
developed in (75), the spin waves induce AC 
Meissner currents that are governed by the 
London penetration depth A; of the super- 
conductor. These currents, in turn, generate 
a magnetic field that acts back on the spin waves. 
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Fig. 1. Magnetic resonance imaging of hybridized spin-wave—Meissner- 
current transport modes. (A) Overview of the experiment. A gold (Au) 
microstrip excites spin waves with wavevector k = ky in a 245-nm-thick film 
of yttrium iron garnet (YIG). The spin waves travel toward a molybdenum 
rhenium (MoRe) superconducting strip (width W = 30 um, thickness t = 

140 nm) where their stray fields induce Meissner currents that act back on 
the spin waves, shifting their wave number to kyig/sc < kyig (SC, Superconductor). 
We imaged the waves underneath and next to the superconductor by their 
microwave magnetic stray fields using a ~20-nm-thick layer of nitrogen- 
vacancy (NV) spins implanted at ~0.07 um below the bottom surface of a 
100 x 100 x 5 um? diamond membrane placed on top of the sample. A 
magnetic field Byy = B,X + B,Z applied at 6 = 54° with respect to the 

x axis yields an in-plane YIG magnetization along z for the small fields applied 


Fig. 2. Magnetic resonance imaging of spin waves 
above and below the superconducting transition 
temperature. (A) Spatial map of the NV photo- 
luminescence PLo in the absence of microwaves, showing 
the MoRe strip (between the vertical dashes). Scale 

bar, 10 um. (B and C) Spatial maps of the NV electron 
spin resonance contrast C; above (B) and below (C) the 
superconducting transition temperature of T, = 8.7 K 

at T = 10.7 and 5.5 K, respectively. The Au, which 
excites spin waves, is located just outside the left 
edge of the imaged area. Above T,, the wavelength is 
unaffected by the MoRe strip; below T,, it is lengthened. 
(D) DC resistance R of the MoRe strip as a function of 
temperature T, with markers indicating the resistance 
of the film during the measurements of (B) triangle and 
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and directional Damon-Eshbach spin-wave excitation. GGG, gadolinium gallium 
garnet, SW, spin wave. (Inset) Optical micrograph of NV diamond and Au and 
MoRe strips on the YIG. Scale bar, 30 um. Au thickness, 200 nm. (B) YIG 
dispersion (color map) and NV electron spin resonance (ESR) frequencies 

(red lines) as a function of the in-plane field component B, = Byycos®. f, and 
fz denote the ESR frequencies of NV spins with zero-field quantization axis 
aligned or misaligned with Byy, respectively. The intersection of the ESR 
frequencies with the spin-wave dispersion sets the detectable spin-wave 
numbers k. (€) Optically detected NV ESR spectrum at B, = 10 mT, at a location 
denoted by the red cross in the inset of (A). The ESR contrast C; or Co, 

where the subscript identifies the field-aligned or misaligned NV ensemble, 
respectively, results from interference between the microstrip field and spin-wave 
field, enabling spatial mapping of the spin-wave fronts. 


C, (%) Cc 


(C) square. (E) Data from (B) and (C) averaged over D 
the z direction, with the MoRe strip indicated by yellow 
shading. (F) Calculated spin-wave dispersion fyig(k) 


for bare YIG, and fyigysc(k, A) for YIG, covered by a & ViGisC KG 
superconducting film with London penetration depth = —hyg 

A, = 400 nm. The superconductor shifts the dispersion = ee 
upwards by fsc(k, 4), which manifests as a reduction in the e 

wave number at NV frequency f; from kK‘). to Anise 5 9 13 0.1 0.2 : 0.3 0.4 
indicated by the dashed lines. T(K) y (um) k (um’!) 
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By integrating this field self-consistently into J — en2h/e. 


the Landau-Lifshitz-Gilbert equation, we found | Jsc(k. 1) *yHoMsktr 
that the spin-wave dispersion shifts upwards 


in frequency as (2) 


(Kd, +1)? — (Ay — 1)? e- 22/4. 


is the superconductor-induced shift [supple- 
mentary text, section S1 (19)]. Here, M, is the 
YIG saturation magnetization, t = 245 nm is 
the YIG thickness, 2 = 140 nm is the supercon- 


Fac/sc(k, i.) =a (k) +Sec(k,a1) (1) 


where fyic(X) is the bare-YIG spin-wave dis- 
persion (SI) and 


C 0.35 0.35 
0.3 0.3 
0.25 0.25 
"e 0.2 40.2 "¢ 
a a 
~ 0.15 0.15 < 
0.1 0.1 
0.05 0.05 
0) 10 24 26 28 
B, (mT) f (GHz) 


Fig. 3. Magnetic field dependence of the spin-wave dispersion in the magnet-superconductor hybrid. 
(A and B) Spatial line traces of the NV ESR contrasts C; and C2 as a function of magnetic field B,. Spin 
waves excited in the bare YIG region (y < Q) by the left Au microstrip (outside the imaged area) travel toward 
and then underneath the superconducting strip (y > 0), changing their wavelength. Interference with 
secondary spin waves excited at the MoRe strip edge (at y = 0) due to inductive coupling between Au 

and MoRe strips yields a beating pattern along B, for y > 0. T = 5.5 K. The drive frequency is adjusted at each 
B, to maintain resonance with the NV ESR transitions. (©) Spin-wave number as a function of field (left) 
and frequency (right), extracted from the data in (A) and (B) by means of Fourier transformation (fig. S2). 
The k® are the wave numbers measured with the field-aligned (i = 1) and misaligned (i = 2) NV ensembles. 
The error bars (indicated by shading) are determined by the inverse of the spatial sampling range in the 

y direction. We determined the saturation magnetization M, by fitting the data in the bare YIG region, and the 
London penetration depth A, by fitting the data in the YIG-MoRe region using our YIG/SC model 
[supplementary text, section 2 (19)]. 
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Fig. 4. Temperature tunability of the hybrid spin-wave—Meissner-current dispersion and extraction 
of the London penetration depth. (A) Spatial line traces of the NV ESR contrast C; across the YIG-MoRe 
region as a function of temperature, showing the continuous change of the spin wavelength underneath 
the MoRe strip, for different in-plane magnetic fields B,. The data are linearly detrended along y. Above 
the superconducting phase transition there is no temperature dependence of the wavelength, indicating the 
absence of the Meissner effect. A.u., arbitrary units. (B) Spin-wave numbers k extracted from data in (A) 
and from additional data in fig. S4 as a function of temperature. The colors indicate the different magnetic 
field values B,. (©) London penetration depth A, of the MoRe film as a function of temperature, extracted 
from the data in (B) through our YIG/SC model. The black line represents the fit of the temperature 
dependence of A(T) from which we extracted T, = 8.7 K and a? = 380 nm. The colors indicate the different 
values of B, as in (B). 
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ductor thickness, y = 28 GHz/T is the electron 
gyromagnetic ratio, Uo is the vacuum perme- 
ability, and r is a dimensionless factor asso- 
ciated with the YIG thickness and spin-wave 
ellipticity. The approximation holds when the 
kinetic inductance dominates the impedance, as 
is the case for our superconducting strip [sup- 
plementary text, section S1 (19)], and when 
Pie « 1. A more general expression is given 
in the supplementary text (19). The dispersion 
shift foc(%,A,) is maximal when A;, — 0, in which 
case the superconductor perfectly screens the 
spin-wave stray field. This limit was analyzed 
in (25, 26) by considering a magnetic film cov- 
ered by a “perfect metal” as defined by a per- 
fect magnetic field screening. Indeed, when we 
let Ay, — O, the shift calculated by our model 
approached the shift predicted in (79, 25, 26). 
The calculated bare YIG and hybridized YIG- 
MoRe spin-wave dispersions are compared in 


Fig. 2F. The upwards frequency shift under- * 


neath the superconductor manifested as a re- 
duction in wave number of the NV-resonant spin 
waves detected in our experiments (Fig. 2E). 

We observed that the ESR contrast just to the 
right of the MoRe strip was higher than that in 
the MoRe-strip region (Fig. 2C), consistent with 
the screening of the spin-wave field by the 
Meissner currents. In addition, we observed that 
the ESR contrast just to the right of the MoRe 
strip exceeded that just to the left of it (Fig. 2F), 
which indicated the excitation of additional, sec- 
ondary spin waves by the MoRe strip itself. This 
enhanced excitation of secondary spin waves is 
presumably caused by an additional microwave 
current in the MoRe strip that is excited through 
the direct geometric inductive coupling with the 
gold microstrip when the MoRe impedance 
changes as it is cooled below T,. 


Temperature- and field dependence of the 
spin-wave dispersion and extraction of the 
London penetration depth 


We characterized the magnetic-field depen- 
dence of the spin-wave dispersion underneath 
the superconductor and used it to extract the 
London penetration depth A; at the T = 5.5 K 
base temperature of our cryostat. Spatial line 
traces of the NV ESR contrast across the strip 
shows the dependence of the spin wave- 
length on the applied magnetic field for the 
field-aligned (Fig. 3A) and misaligned (Fig. 3B) 
NV ensembles. In both measurements, we ad- 
justed the drive frequency at each magnetic 
field to maintain resonance with the NV ESR 
frequency. We extracted the spin-wave numbers 
in the bare YIG and YIG-MoRe regions sepa- 
rately by Fourier transformation (fig. $2) and 
plotted these as a function of field and frequen- 
cy in Fig. 3, C and D. A similar measurement 
with the bias field applied in plane along % 
shows that Meissner screening of the bias field 
does not play a significant role in the wave- 
length shift (fig. $3). 
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NV diamond 


hot spot 


y k 


PL, (108 s") = CP" (%) = COP - CLT (%) 
Fig. 5. Laser-induced spin-wave refraction at 
target locations. (A) Schematic illustration of a 
laser-induced scattering spot. By shining an 
auxiliary 594-nm laser on the sample, we created 

a hot spot in the MoRe strip that locally altered 
the effective refractive index governing the 
spin-wave propagation. (B) Scanning confocal 
microscope images of the NV photoluminescence 
at T = 5.5 K, with the auxiliary laser focused onto 
the MoRe strip at three different locations indicated 
by the arrows. Scale bar, 10 um. (C) Spatial maps 
of the NV ESR contrast with auxiliary laser turned 
on (C9") showing spin waves in the YIG-MoRe region 
that scatter on the laser spot. (D) Background- 
subtracted ESR contrast highlighting the laser- 
induced spin-wave scattering obtained by subtracting 
the ESR contrast with the auxiliary laser turned 


off ca from the measurements in (C). B, = 3.3 mT. 


From the field dependence of the extracted 
spin-wave numbers in the bare YIG region, we 
extracted the YIG saturation magnetization 
My, = 194(1) kA/m [supplementary text, sec- 
tion S2 (19)] in agreement with previous low- 
temperature measurements (27). We then 
used M, as a fixed parameter to fit the field 
dependence of the spin-wave numbers under- 
neath the superconducting strip using the hy- 
bridized YIG-MoRe spin-wave dispersion (Eq. 1). 
From this fit, we extracted a London penetration 
depth A;, = 405(10) nm at T= 5.5 K, which agrees 
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well with static-field nano-superconducting quan- 
tum interference device measurements (28). 

The temperature dependence of the London 
penetration depth provides a powerful tool for 
tuning the spin wavelength. To demonstrate 
this, we imaged the spin waves in the YIG- 
MoRe region while sweeping through 7, at 
different magnetic fields (Fig. 4A and fig. S4). 
The extracted spin-wave number / is shown in 
Fig. 4B, with the color indicating the in-plane 
component of the magnetic field. We observed 
that & changes continuously with temperature 
over the superconducting phase transition in 
the YIG-MoRe region and remains unchanged 
in the bare YIG region (fig. S5). We did not 
observe global heating of the superconductor 
due to our excitation laser (fig. S6). Using our 
model, we extracted the London penetration 
depth A;(7) for every observed value of &: (Fig. 4C) 
[supplementary text, section S2 (19)]. We found 
that almost all data collapse onto a single curve 
described by A, = A°(1—(7/ Te)*]¥? (29), 
with 7, = 8.7 K and 4? = 380nm. The excep- 
tions occurred when the spin wavelength 
Asw = 2n/k became comparable to the width 
of the MoRe strip. Here, our approximation 
of the superconducting strip by an infinite film 
breaks down. These results highlight that 
imaging the hybridized spin-wave-Meissner- 
current transport modes is a powerful tool for 
extracting the temperature dependence of the 
London penetration depth. 


Local control of spin-wave transport by 
laser-induced spin-wave refraction 


Thus far, we have demonstrated dispersion 
engineering through global control of temper- 
ature and magnetic field. We now show that 
the creation of a hot spot in the superconduc- 
tor with a focused laser enables local manip- 
ulation of the spin-wave transport by tuning 
the effective refractive index (Fig. 5A). To do 
so, we coupled an auxiliary, orange laser into 
our setup and focused it at target sites on the 
superconductor (Fig. 5B). The laser spot is 
visible through the locally enhanced NV photo- 
luminescence. Spatial measurements of the NV 
ESR contrast C?" with the auxiliary laser on 
(Fig. 5C) show the spin-wave scattering pat- 
terns induced by the local hot spot. The reduc- 
tion in amplitude behind the hot spot indicates 
destructive interference between the scattered 
and incident spin waves. Subtracting a refer- 
ence measurement with the auxiliary laser 
turned off (Fig. 5D) highlights the angular pro- 
file of the scattered spin-wave patterns. 

The characteristic “caustic” angles observed 
in these scattered patterns (dashed lines, Fig. 
5D) result from the highly anisotropic dipolar 
spin-wave dispersion (30). Tracing the patterns 
to their origin shows that the scattering site is 
tightly confined to the laser location. Presum- 
ably, the laser locally breaks the superconduc- 
tivity, inducing a local change in the magnetic 
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environment seen by the spin waves, leading 
to local spin-wave refraction akin to defect- 
controlled spin-wave scattering (30). The abil- 
ity to optically induce spin-wave refraction at 
target sites could be used to create devices 
such as gratings or magnonic crystals (37) and 
enable spin-wave manipulation through opti- 
cal switching of flux-focusing regions in the 
superconducting strip. 


Conclusions 


We demonstrated local measurements of hy- 
bridized spin-wave-Meissner-current transport 
modes in a magnetic thin film equipped with 
a superconducting gate. The wavelength was 
tunable by temperature and field, enabling 
efficient phase-shifting of the spin-wavefronts 
and a notable in situ visualization and quanti- 
tative extraction of the London penetration depth 
as a function of temperature. Because MoRe 


is a type-2 superconductor with an estimated ” 


lower critical field of Ha = 2% |In(##) + 0.5] = 
L 


4 mT at T = 5 K (32, 33), where € = 0.01 um is 
the coherence length (34) and ®, the super- 
conducting flux quantum, Abrikosov vortices 
were expected in measurements such as those 
in Fig. 3B with a few-mT out-of-plane field com- 
ponent. However, we did not identify vortex- 
related effects in these measurements, which 
look qualitatively similar to those with purely 
in-plane field (fig. S3). Presumably, the pres- 
ence and location of vortices is strongly in- 
fluenced by our focused excitation laser, as 
highlighted by recent magneto-optical (35) and 
wide-field NV-imaging experiments (36). In 
particular, (35) showed that vortices can be 
annihilated by the laser through local heating 
above T, or pushed by the laser to new pinning 
sites or border regions of the superconductor. 
The presented microwave magnetic imaging 
of the spin-wave transport modes in a YIG- 
MoRe heterostructure shows the versatility of 
superconducting gates for spin-wave manipu- 
lation, enables determining the temperature- 
dependent London penetration depth, and 
opens new opportunities for creating wave- 
based circuit elements such as filters, mirrors, 
and cavities. 
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Quantum walk comb in a fast gain laser 


Ina Heckelmann{*, Mathieu Bertrand}, Alexander Dikopoltsev{, Mattias Beck, Giacomo Scalari, Jérome Faist* 


Synthetic lattices in photonics enable the exploration of light states in new dimensions, transcending 
phenomena common only to physical space. We propose and demonstrate a quantum walk comb 

in synthetic frequency space formed by externally modulating a ring-shaped semiconductor laser with 
ultrafast recovery times. The initially ballistic quantum walk does not dissipate into low supermode 
states of the synthetic lattice; instead, the state stabilizes in a broad frequency comb, unlocking the full 
potential of the synthetic frequency lattice. Our device produces a low-noise, nearly flat broadband 


comb (reaching 100 per centimeter bandwidth) and 
tunable, and stable frequency combs. 


he random walk is a fundamental con- 
cept in mathematics and physics that 
describes a walker taking random steps 
in a discretized space. The spread of a 
classical random walker is characterized 
bya \/N standard deviation after N steps (1). It 
can, however, be surpassed by its quantum 
counterpart, which permits the particle to be- 
have as a wave and interfere with itself (2). In 
this quantum walk the standard deviation of 
the position scales linearly with the number of 
steps, enabling a so-called ballistic spread that 
facilitates the “quantum speed-up” of search 
algorithms based on quantum walks (3). As 
coherent light mimics the interference of quan- 
tum particles while benefiting from the sim- 
pler preparation and manipulation of the light 
states, photonic lattices provide a natural plat- 
form to study quantum walks (4, 5). This line 
of research has produced phenomena such as 
quantum-to-classical walk transitions (6) and 
quantum walks of correlated photons (7), as 
well as the experimental study of boson inter- 
actions in photonic systems (8). 
In such systems the study of quantum walks 
of light was limited to the type of interactions 


Fig. 1. Stabilization of quan- 
tum walks in synthetic pho- 
tonic lattices. The optical 
modes in a deformed circular 
cavity (A) are coupled through 
resonant modulation, inducing 
nearest-neighbor gain and the 
proliferation of a synthetic 
photonic lattice in frequency 
space, whose bandwidth is 
fundamentally limited by the 
dispersion (indigo) (B). In 
analogy to the quantum har- 
monic oscillator, the Oth order 
supermode corresponds to a 
Gaussian pulse (red) in the 
discretized frequency (C) and 


A 


extracted light 


Gain 


-3 -2 -1 0 


Circular Resonator 
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offers a promising platform to generate broadband, 


and nonlinearities that experiments in real 
space could provide. However, by coupling ac- 
cessible degrees of freedom of light, it is pos- 
sible to construct a synthetic dimension that 
enables the realization of previously unattainable 
physical phenomena. This approach leverages 
the flexibility and controllability of synthetic 
dimensions to engineer photonic lattices that 
effectively overcome the geometric limita- 
tions of the system (9-12). In this way, syn- 
thetic dimensions allow for the observation of 
physics such as parity-time-symmetric lattices 
(13), complex-valued long-range couplings (74), 
higher-dimensional photonic crystals (15, 16), 
non-Hermitian funneling of light (17), and 
even three-dimensional (3D) topological in- 
sulators (18). 

For a synthetic dimension formed by the 
modes of a resonator, such as frequency lad- 
ders in optical ring cavities (Fig. 1A), a phase 
modulation (induced, for instance, through 
the electro-optical effect or the laser’s pump) 
can introduce coupling in the chain, giving rise 
to continuous-time quantum walk dynamics 
(5). For a fixed coupling C, the broadest achiev- 
able state is limited by the dispersion in the 


6 


system, which causes mode resonances to 0 Chee 
apart, resulting in less efficient coupling & pate i 
1B) (11). Qualitatively, dispersion induces an 
effective potential well in frequency space whereas 
the width of the band created by modulation 
limits the maximum achievable “kinetic ener- 
gy” and, consequently, the system’s bandwidth. 
Through this argument, for instance, quadratic 
dispersion will constrain the highest acces- 
sible mode to Mmax = \/24, where M = 2C rep- 
resents the modulation strength and D signifies 
dispersion. This system can be analogously 
mapped to a quantum harmonic oscillator, which 
could only occupy a finite number of possible 
modes (Fig. 1C). 

In harmonic oscillator solutions only the Oth 
order mode is a minimum uncertainty state, 
being narrowest both in frequency space and 
reciprocal time whereas modes higher on the 
energy ladder exhibit simultaneously broader 
spectral and temporal widths (Fig. 1, C and D). 
Introducing linear non-Hermiticity to the sys- 
tem in the form of frequency-dependent gain 
and dissipation leads to a contraction of the 
final state to a narrow Gaussian profile (i.e., a 
pulse) when reaching the state at the bottom 
of the dispersion trap. Dynamically, this be- 
havior is characterized by a transition of the 
initial ballistic broadening of the quantum walk 
to a regime of diffusive propagation (6, 19) 
(Fig. 1E). Previously, a similar mapping con- 
sidering gain curvature instead of dispersion 
was established (20), demonstrating the dissi- 
pation to low supermodes in frequency lattices 
and an M¥ * dependence of the bandwidth (27) 
(fig. $13). The stabilization in low modes ex- 
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continuous time domain (D), whereas constant intensity can only be seen for spectrally broad supermodes (green). After the initial ballistic expansion upon the onset 
of nearest-neighbor coupling C, dissipation gives rise to a stabilization of the spectrum. Although it collapses to a narrow Gaussian mode for typical slow-gain 
dissipative systems (E), a superposition of broad supermodes can be observed when a fast gain is employed instead (F). 
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poses the inherent limitations of such systems 
in reaching their intrinsic bandwidth. 


Generating the synthetic frequency lattice 


We demonstrate both theoretically and exper- 
imentally that the full potential of the synthetic 
frequency lattice can be unlocked by employing 
ultrafast saturable gain. The giant third-order 
nonlinearity of such gain locks the resonator 
modes and effectively counteracts the disper- 
sion. After the initial single mode performs a 
spectral quantum walk and expands ballistic- 
ally, the laser spectrum stabilizes on the high- 
est energy supermodes, reaching the predicted 
fundamental bandwidth limit with a flat spec- 
tral envelope and near-constant intensity opera- 
tion (Fig. IF). This is in contrast to broadband 
optical frequency combs (22-24) based on pulsed 
mode-locked lasers (25) or on nonlinear gener- 
ation in microresonators (26, 27), which typically 
stabilize into a peaked spectrum characteristic 
of a pulsed state. Additionally, in the proposed 
quantum walk comb, the bandwidth of the 
resulting low-noise frequency comb is shown to 
be continuously tunable by varying the radio 
frequency (RF) injection. 

We consider a synthetic lattice comprised of 
the resonator modes of an active, slightly de- 
formed circular cavity (Fig. 1A and figs. $1 and 
82), realized using a quantum cascade laser 
(QCL) emitting in the mid-infrared spectral 
region. QCLs are semiconductor lasers that pro- 
vide a flexible platform for high-power combs 
in the molecular fingerprint region with small 
device footprints (28). Notably, their gain mech- 
anism is based on intraband transitions and 
thus differs fundamentally from typical inter- 
band lasers, resulting in extremely fast gain 
recovery times in the order of hundreds of 
femtoseconds. This type of gain in a Fabry- 
Perot device will yield frequency modulated 
(FM) combs (29), created by four-wave mixing 
nonlinearities arising from spatial hole burn- 
ing (30, 31). To enable linear coupling among 
lattice sites in a synthetic space and observe 
the continuous-time quantum walk, we adopted 
a circular cavity geometry that suppresses 
spatial hole burning. Circular QCLs have re- 
cently attracted considerable interest since they 
were shown to host the formation of self- 
emerging cavity solitons—previously seen in 
passive microresonators (32)—resulting from 
the delicate balance between anomalous 
group velocity dispersion and gain nonlinear- 
ity (33-36). For our work, the lasers were fab- 
ricated using an inverted buried-heterostructure 
process to achieve smooth sidewalls and hence 
guarantee unidirectional single-mode lasing (37). 
In circular cavities where backscattering and 
hence coupling between counter-propagating 
modes is sufficiently low, spontaneous symmetry 
breaking (33) occurs close to above the threshold, 
enabling the laser to operate in a unidirectional 
single-mode state (fig. S3) (38). As a result, it is 
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only when we introduce additional RF modu- 
lation at the cavity resonance frequency that a 
frequency comb with a broad, highly tuneable, 
and predictable bandwidth emerges. 

When light is extracted from such circular 
cavities using only bending losses, the output 
is isotropic and was previously shown to be 
restricted to the milliwatt level (33). To vary 
the cavity circumference and consequently the 
roundtrip time without experiencing an expo- 
nential decrease in outcoupled light intensity, 
we adapted the geometry of a Hiigelschaffer 
egg (table S1 and fig. S2) (39). In doing so, 
the higher curvature at the tip of the eggs 
creates a designated out-coupling point. Cou- 
pling of the resonator modes in the ring QCL 
was achieved through near-resonant RF cur- 
rent modulation, which provides an efficient 
phase modulation of the lasing electric field. 
This effect is enabled by the active region it- 
self, as gain modulation is translated into 
phase modulation through a nonvanishing 
linewidth enhancement factor (40, 47). 


Characterizing the spectral output 


To study quantum walk combs, steady-state 
spectra of our device were measured with Fourier- 
transform infrared spectroscopy (FTIR) for 
both a sweep of the injected frequency through 
the cavity resonance at 15.772 GHz, and without 
any applied modulation. Although the free- 
running device operates as a single-mode laser 
at 1280 cm‘ at the investigated working point 
at 1.456 A and -16°C (fig. S3C), it gradually 
and reliably broadens to a bandwidth of 70 cm 
when RF modulation is enabled and tuned to 
resonance (Fig. 2B). For resonant injection 
(working point 2), the spectral envelope show- 
cases lobes on both sides and has a nearly flat 
center, as expected for a quantum walk stabi- 
lizing on a highly excited state (J, 2). For this 
resonant injection, a participation ratio given 
by ee where J), is the intensity of the m-th 
optical mode of 74.3 is computed for the 132 
involved lattice sites, indicating a highly de- 
localized (i.e., flat) spectrum. As we detune from 
resonance, the spectra narrow continuously 
and display an imbalance (working points 3 
and 4), which rectifies far from resonance 
(working point 1). 

To theoretically investigate the comb for- 
mation, we modeled the propagating field in 
the dispersive waveguide of the active ring QCL 
based on (42, 43), while neglecting spatial hole 
burning due to the absence of any counter- 
propagating wave. Here, the phase of the field 
follows the modulation with depth / and de- 
tuning AQ from the cavity resonance. Through 
this model, assuming instantaneous gain for 
QCLs and thus a constant intensity, we calcu- 
lated the steady state of the electric field in the 
corotating frame of reference [derivation in 
(44)]. By adjusting only a small set of param- 
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eters, we accurately reproduced the experi- 
mental spectra (Fig. 2, A and C). The bandwidth 
of the comb under resonant injection reaches 
the previously discussed fundamental limit of 
the synthetic lattice. 

Upon closer examination of the phases pre- 
dicted by our model, we observe the existence 
of two distinct lasing regimes, which depend 
on the detuning AQ of the injected frequency 
from the cavity resonance (fig. S11). In the case 
of highly off-resonant injection, the comb state 
exhibits Bessel-like spectra and sinusoidal in- 
stantaneous frequency with the periodicity of 
the injected signal, akin to the characteristics 
previously observed in pure FM lasers (45). How- 
ever, within a range of near-resonant injections, 
we discovered a novel FM regime character- 
ized by a discontinuous cosine phase at only 
half the modulation frequency (Fig. 2D). The 
phase adheres to the following analytically 


derived relation (“ana” in Fig. 2D), assuming ” 


a constant intensity: 


5(z,t) =. (® “ at) 


2 


Kz — = (1) 


No: cos( 5) 


where K represents the cavity wave number, 
and N, and N, denote the amplitudes of phase 
modulation, which directly rely on the mod- 
ulation depth M and dispersion B [derivation 
in (44)]. 

To experimentally corroborate the presence 
of these separate lasing regimes, we conducted 
phase measurements of the laser using shifted- 
wave interference Fourier-transform spectroscopy 
(SWIFTS) (46) at various injection frequencies 
around the resonance (exp in Fig. 2D and fig. 
S4). The measured instantaneous frequencies 
align well with the numerically simulated and 
analytically derived solutions for both lasing 
regimes. Furthermore, coherence was con- 
firmed through these measurements, encom- 
passing the entire spectral bandwidth (fig. S6). 
However, it is important to note that our ex- 


periment measures the collective behavior of . 


the modes, resembling that of a single particle, 
and does not detect the presence of nonclassical 
correlations. Our steady-state measurements 
of the frequency comb convincingly confirmed 
its coherence, continuous and predictable tun- 
ing, wide bandwidth, and excellent agreement 
with our theoretical models. 


Resolving the photonic quantum walk 


Investigating the role of quantum walk dy- 
namics in shaping the steady-state spectra, 
we conducted measurements and simulations 
to explore the underlying transient processes. 
To track the dynamical comb broadening under 
RF injection, we employed boxcar averaging in 
conjunction with an FTIR at 10 ns temporal 
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Fig. 2. Steady state 
of the quantum walk 
comb. Spectra for 
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resolution (fig. S7 and S8). The experimental 
spectra (Fig. 3, C and D) exhibit a ballistic ex- 
pansion to the full 70 em bandwidth within 
the initial 250 ns, followed by a subsequent 
locking that maintains this spectral state for 
the investigated times. 

Building upon these experimental findings, 
we now delve into the underlying theoretical 
model using the Maxwell-Bloch framework to 
unravel the dynamics of the quantum walk 
responsible for the observed spectral broad- 
ening during RF modulation (Fig. 3, A and B). 
As mentioned earlier, the free-running laser 
solely occupies the resonator mode with the 
highest gain but when resonant injection is 
introduced, mixing of the optical photons and 
modulation quanta © leads to nearest-neighbor 
gain in the photonic lattice. Through dis- 
crete hopping between resonator modes, the 
photons perform a continuous-time quantum 
walk, resulting in a ballistic broadening of the 
spectrum whose bandwidth increases linearly 
with the number of quantum walk steps. Once 
the spectrum reaches the frequency boundary 
dictated by the dispersion and modulation pa- 
rameters, it stabilizes into a broad supermode 
both spectrally and temporally, maintaining 
this state for subsequent time intervals. The only 
clear difference between the experiment and 
our model is the much slower experimental 
decay of the central mode at 1287 cm“ in the 
measured spectra. The otherwise notable agree- 
ment between our simulated and experimental 
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the novel on-resonance regime (panels 2 and 3). The transition between the two lasing states occurs at a detuning of 2.8 MHz (panel 4) with unbalanced spectra and 
an instantaneous frequency with negligible jumps. The experimental instantaneous frequencies (exp, green) are well-described by both numerical simulations (sim, 
blue) and the derived analytical expression (ana, black). 
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Fig. 3. Quantum walk and locking. Simulations based on the Maxwell-Bloch master equation (A) reproduce the 
ballistic expansion and subsequent locking to a spectrally broad supermode (B) that is observed in the time-resolved 
spectral measurements [(C) and (D)]. The dashed white lines indicate the ballistic broadening of the Quantum Walk. 
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Fig. 4. Quantum walk comb device under RF injection. The progressive broadening of the spectra with 
increasing injection power [(A) (linear scale)] follows the predicted M'”? (and P'”*) dependence up until 
saturation around 31.5 dBm (B), lower curve. A second device showed broadening up to 100 cm” but could 
not be driven at resonance, as shown by the typical asymmetric spectra (inset, logarithmic scale). 


spectra provides compelling evidence for the 
rapid expansion and stable locking of the 
quantum walk comb. 


Tunability and stability 


Solving the Maxwell-Bloch equations at reso- 
nance, we can determine the state in which 
the quantum walk stabilizes, leading to a band- 
width dependence of \/(M/D) [derivation 
in (44)]. This power dependence of the band- 
width offers a quadratic improvement over 
the M"*-relation typically seen in active mode- 
locking of lasers (27). Because the modulation 
depth / is proportional to the square root of 
the injected power, a parameter that we exper- 
imentally control, we anticipate observing pM. 
dependence of the bandwidth. Confirming this 
expectation, a power sweep at resonance vali- 
dated the predicted scaling behavior, with satu- 
ration occurring around 66 cm at 31.5 dBm for 
the investigated device (Fig. 4). We attribute the 
deviations from the expected behavior at high 
power to nonlinearities in the modulation dy- 
namics of the QCL active region, as well as 
higher-order dispersion. The simple relation- 
ship between modulation power and optical 
bandwidth allows the power per comb line to 
be controlled flexibly and with very short time 
delays, because the average laser power remains 
approximately constant. On the same figure, we 
report the results obtained on a device which 
exhibited an even broader bandwidth that 
reached 100 cm’; however, it could not be 
driven to full resonance. The most likely reas- 
on is a larger amount of third-order dispersion 
resulting from the wider waveguide. 

Under resonant injection, the comb dem- 
onstrates the same level of stability as the free- 
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running single-mode laser, providing evidence 
that the modulation itself does not introduce 
additional noise contributions. In particular, 
the measured amplitude noise power spectral 
density is unchanged by modulation, is shot- 
noise limited above ~100 kHz, and exhibits the 
distinct 1/f-dependence for lower frequencies 
(fig. S9). These notable characteristics attest to 
the exceptional stability of the comb opera- 
tion. With the inherent stability of the RF 
modulation faithfully transferred to the opti- 
cal spectrum, the quantum walk comb presents 
a highly promising platform for the genera- 
tion of broadband, tunable, and stable fre- 
quency combs. 


Concluding remarks 


We have observed in real time the ballistic ex- 
pansion and stabilization of the spectrum in a 
synthetic photonic lattice operating in a laser 
upon resonant phase modulation, a display 
that can be ascribed to nonlinear continuous- 
time quantum walks. In particular we dem- 
onstrate that in our ring QCL structure—the 
fast gain saturation that constrains the output 
to a near-constant intensity—leads the quan- 
tum walk to the spectrally broadest state al- 
lowed by dispersion. The quantum walk comb 
exhibits high predictability, tunability, and 
stability. In this way, we address an issue raised 
many years ago: active mode-locked devices 
with slow gain recovery operate on the fun- 
damental narrowest Gaussian mode with lim- 
ited comb bandwidth, all other modes being 
unstable (20). Leveraging the insights gained 
from our work, deliberate design strategies for 
wide-bandwidth comb sources could open up 
applications in fields such as spectroscopy (47) 
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and telecommunications (48), as the principles 
of this work are not limited to QCLs but could 
equally exploit fast gain components existing 
in interband devices to expand to other wave- 
length regimes (49). Furthermore, this approach 
holds promise for the application of quantum 
walk algorithms in systems featuring designated 
nonlinear interactions among qubits and can 
be generalized to higher dimensional lattices 
in either real space with coupled resonators or 
synthetic space using additional modulation fre- 
quencies (16). 
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Room-temperature wavelike exciton transport in 
a van der Waals superatomic semiconductor 


Jakhangirkhodja A. Tulyagankhodjaev, Petra Shihy, Jessica Yut, Jake C. Russell, Daniel G. Chica, 
Michelle E. Reynoso, Haowen Su, Athena C. Stenor, Xavier Roy, Timothy C. Berkelbach, Milan Delor* 


The transport of energy and information in semiconductors is limited by scattering between electronic 
carriers and lattice phonons, resulting in diffusive and lossy transport that curtails all semiconductor 
technologies. Using RegSegClz, a van der Waals (vdW) superatomic semiconductor, we demonstrate 
the formation of acoustic exciton-polarons, an electronic quasiparticle shielded from phonon scattering. 
We directly imaged polaron transport in RegSegCl2 at room temperature, revealing quasi-ballistic, 
wavelike propagation sustained for a nanosecond and several micrometers. Shielded polaron transport 
leads to electronic energy propagation lengths orders of magnitude greater than in other vdW 
semiconductors, exceeding even silicon over a nanosecond. We propose that, counterintuitively, quasi- 
flat electronic bands and strong exciton—acoustic phonon coupling are together responsible for the 
transport properties of RegSegCl2, establishing a path to ballistic room-temperature semiconductors. 


emiconductor technologies rely on trans- 

porting energy and information carriers, 

often in the form of electrons or excitons 

(bound electron-hole pairs), from source 

to target. At room temperature, these 
carriers rapidly scatter with lattice vibrations 
(phonons) on nanometer and femtosecond 
scales. Scattering leads to electronic energy 
dissipation, joule heating, and loss of phase co- 
herence and directionality, imposing strict speed 
and efficiency limits on all semiconductor tech- 
nologies. Breaking through these limits requires 
semiconductors that sustain ballistic (scatter- 
free), wavelike flow of energy over macroscopic 
distances at room temperature, a long-sought 
goal that would enable ballistic transistors (7), 
low-loss energy harvesting, and wave-based 
information technologies (2). 

Here, we demonstrate macroscopic, wavelike 
exciton flow at room temperature in the van der 
Waals (vdW) superatomic material RegSegCly 
(Fig. 1A). RegSegCl. is a semiconductor with 
an indirect bandgap of 1.6 eV and an exciton 
binding energy of ~100 meV (3). Its superatom 
building blocks consist of Reg octahedra en- 
closed in Seg cubes. Each RegSeg unit is co- 
valently bonded to four neighbors to form a 
two-dimensional (2D) pseudosquare lattice 
capped by Cl atoms at the apical positions. 
The RegSegCly layers stack out of plane to create 
a bulk vdW crystal with weak interlayer electron- 
ic coupling (4). The crystal can be exfoliated to 
the monolayer limit, which is advantageous 
for integration in gated devices (3, 5, 6). 
RegSegCly exhibits relatively weak intercluster 
electronic coupling, as evidenced by the elec- 
tronic band structure (Fig. 1B) (3, 7). Strong 
coupling of electrons to intercluster optical 
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phonons (8) leads to further band flattening 
at room temperature (7) and has been impli- 
cated in the emergence of superconductivity 
in this material and related classes (6, 9). In 
this work, we demonstrate that these quasi-flat 
electronic bands, in combination with strong 
coupling to acoustic phonons, lead to the for- 
mation of acoustic exciton-polarons (Fig. 1C), 
quasiparticles of excitons bound to an acoustic 
lattice deformation. Through direct imaging 
of polaron propagation, we reveal that they are 
shielded from lattice scattering, leading to quasi- 
ballistic transport over several micrometers 
at room temperature, currently limited only 
by crystal size. Our observations challenge the 
common notion that strong electronic cou- 
pling is required for long-range transport. 


Exciton transport in RegSegCl2 is quasi-ballistic 


We directly imaged exciton transport in single- 
crystal RegSegCl, using ultrafast stroboscopic 
scattering microscopy (stroboSCAT) (10-12) 
(Fig. 1D and figs. S1 to $3). An above-gap, 
diffraction-limited visible pump generates 
excitons, and then a backscattering widefield 
probe (1.55 eV) slightly below the electronic 
bandgap spatially resolves how the excitons 
modify the local polarizability of the material. 
By varying the pump-probe time delay, we 
spatiotemporally tracked the evolution of photo- 
excitations in an all-optical, noninvasive, and 
contact-free measurement. Figure 1E and movie 
S1 display representative stroboSCAT data 
obtained in a 60-nm-thick RegSegCl, flake pre- 
pared by mechanical exfoliation (13). Two key 
features emerge from these data: First, the 
initial negative (dark) stroboSCAT contrast 
turns to positive (bright) contrast on picosecond 
timescales, which, as discussed below (Fig. 2), 
represents a transition from a bare exciton to 
an exciton-polaron. Second, the exciton-polaron 
propagates several micrometers to the edge of 
the flake in less than a nanosecond. This very 
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fast and long-range transport differs sta Se 
from exciton transport in other molecular o- ~~ 
semiconductors (table S1). For comparison, Fig. 
1F displays stroboSCAT data of exciton trans- 
port in the archetypal vdW semiconductor WSe, 
(bilayer flake on glass; see fig. S4 for monolayer 
and bulk data), exhibiting much slower and 
shorter-range transport. These results are coun- 
terintuitive, given that the effective mass of ex- 
citons in WSe, is much smaller than in RegSegCl. 
(table S1). 

To quantify and rationalize the exceptional 
transport properties of RegSegCls, we plotted 
the mean squared displacement (MSD) of the 
photoexcited population profile observed in 
stroboSCAT as MSD = 0°(t) — 0°(0), where o 
is the Gaussian width of the population den- 
sity profile at time delay ¢ (13). Figure 1G 
compares the MSD for exciton-polarons in 
RegSegCl. against the MSD for excitons in 
bilayer WSe, and charge carriers in intrinsic * 
monocrystalline Si (4), which exhibit some 
of the best transport among 2D and 3D semi- 
conductors, respectively. We find that the MSD 
at 1.1ns in RegSegCl, is 23 times that in bulk 
WSez, 65 times that in bilayer WSes, 120 times 
that in monolayer WSes, and almost twice that ,; 
of electrons in intrinsic Si and the recently 
reported cubic boron arsenide (15, 16) (table 
S1). On the basis of the 11-ns polaron lifetime 
(fig. S5), we estimate that the polaron propa- . 
gation length in RegSegCl, would exceed 25 um 
in the absence of crystal boundaries. 

The superlinear behavior of the MSD for 
RegSegCl, differs from the linear behavior in 
Si and WSe». We fit the MSD to a power law, 
MSD < ¢* (11, 12, 17). In the limit of diffusive 
transport, where scattering lengths are much 
shorter than the propagation length, o = 1. This 
regime, exemplified by the linear MSD for Si 
and WSe, in Fig. 1F, is observed in virtually all 
semiconductors beyond the first few femto- , 
seconds after photoexcitation (78). In the limit 
of coherent, ballistic transport (no scattering), 

a = 2, meaning that distance is proportional to 


time with a slope that defines the velocity. In 


RegSegCla, we observe quasi-ballistic transport 
(a = 1.67 + 0.13) (Fig. 1G) sustained for nano- 
seconds, until the flake edge is reached. Plot- 


ting the same data as distance versus time 


provides an effective propagation velocity of 
2.3 km/s (fig. S6). Monte Carlo simulations re- 
producing the observed MSD yield an exciton- 
lattice scattering time of 215 ps, indicating an 
extraordinary mean free path between scattering 
events exceeding 1 um for exciton-polarons 
in RegSegCl, (Fig. 1H; see figs. S7 and S8 for 
simulation details and alternative models). These 
findings reveal that the mechanism for fast 
and long-range transport in RegSesCly is effi- 
cient shielding from scattering, amply compen- 
sating for the large effective mass (and thus low 
intrinsic velocity) of the polaron. These results 
are reproducible in multiple flakes of different 
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Fig. 1. Imaging exciton transport in RegSegClo. (A) Crystal structure of 
RegSegClo. (B) Band structure of RegSegCls calculated using density functional 
theory with the Perdew-Burke-Ernzerhof (PBE) exchange correlation functional 
(13). (C) Formation of acoustic polarons through a deformation potential interaction. 
(D) Schematic for optical far-field imaging of polaron transport (details in the text 
and figs. Sl to S3). (E) Picosecond stroboSCAT time series displaying exciton 
(dark contrast) and exciton-polaron (bright contrast) propagation in a 60-nm-thick 
RegSegCle flake on glass. Al/I refers to the pump-induced change in backscattered 
light intensity. (F) Exciton propagation in bilayer WSe» on glass. (G@) Mean squared 
displacement (MSD) of exciton-polarons in RegSegCle (red), excitons in WSe2 


thicknesses (Figs. 1 and 3), for both above-gap 
and band-edge pump excitation (fig. S9), for 
pump temporal pulse widths spanning 60 fs to 
60 ps (fig. S10), and across a range of fluences 
explored in detail below (Fig. 3), indicating 
that neither hot carrier transport (19), phonon 
winds (20, 21), nonlinear recombination (22), 
thermal gradients (23), nor strain waves (24-27) 
are responsible for the observed behavior (figs. 
S9 to S12 and table S2). 


Excitons in RegSegClz form exciton-polarons 


To confirm that polaron formation is respon- 
sible for the observed transport behavior, we 
tracked the energetic evolution of excitons after 
photoexcitation and correlated these dynamics 
to optical transport measurements. Figure 2A 
displays transient reflectance spectra in the re- 
gion of the semiconductor band edge, exhibiting 
a bleach around 1.57 eV and a photoinduced 
absorption ~90 meV higher in energy. The 
primary dynamic evolution observed is a spec- 
tral redshift on a 1.5-ps timescale that convolves 
all peaks. Identical dynamics are observed for 
near-band-edge excitation (fig. $9), ruling out 
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the possibility that electronic thermalization 
is responsible for the redshift. Tracking the zero- 
crossing of the transient reflectance profile 
(dashed line in Fig. 2A) provides a handle on 
redshift kinetics, plotted in Fig. 2B. We observe 
an overall 48 meV redshift with an evolution re- 
sembling a strongly damped oscillator (red line 
in Fig. 2B). These dynamics echo those previous- 
ly observed for (large) polaron formation (28-31), 
wherein energetic stabilization occurs over a sin- 
gle vibrational period of the associated lattice de- 
formation. This spectral evolution is responsible 
for the switch from dark to bright contrast in 
stroboSCAT in Fig. 1E: The probe at 1.55 eV is 
initially pre-resonant with the exciton transition 
(dark contrast) but switches to resonant with 
the induced polaron absorption after the red- 
shift, generating a bright contrast (additional 
stroboSCAT datasets at different probe wave- 
lengths are displayed in fig. S13). Below, we 
discuss measurements of correlated spatio- 
energetic dynamics, fluence-dependent red- 
shift dynamics, and population saturation that 
cement our assignment of these redshift dy- 
namics to polaron formation. 
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respectively. (H) Monte Carlo simulation of o for different particle velocities (v) 
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experimental MSD. The black contour traces o = 1.67. (I) Illustration of quasi-ballistic 
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ctors. Data acquired at 295 K. 


Polarons should exhibit correlated spatial and 


« 


spectral dynamics, given that energetic stabi- . 


lization associated with polaron formation 
results in a modification of transport proper- 
ties. To directly image these correlated dynamics 
and further support the correspondence be- 
tween the redshift timescale and the polaron 
formation timescale, we developed an approach 
capable of simultaneously resolving spectral 
and spatial evolution by merging stroboSCAT 
with transient reflectance microscopy (fig. S2). 
Figure 2C displays spatially resolved transient 
spectra at different pump-probe time delays 
(see also movies S2 and S3). At early times, the 
transient reflectance signal associated with ex- 
citons is concentrated around the pump exci- 
tation location at 0 um. Between 4 and 50 ps, a 
V-shaped pattern emerges (highlighted with 
arrows in Fig. 2C), indicating that the spectral 
redshift associated with polaron formation is 
correlated to transport away from the excitation 
location. By 1 ns, only the redshifted polaron spec- 
tral signature remains, showing propagation 
over several micrometers. The correlated spatio- 


energetic dynamics are a clear indication that 
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3-ps exponential decay. (€) Spacetime-transient reflection spectra after 2.41 eV pump excitation at an initial 
exciton density of 8 x 10'°/cm? for three time delays. The correlated redshift and transport dynamics are 
emphasized with arrows in the middle panel. Movies S2 and S3 display these coupled spatio-energetic 
dynamics for different excitation fluences. Data acquired at 295 K. 


excitons in RegSegCl. become substantially mo- 
bile only after they have formed exciton-polarons; 
bare excitons are effectively immobile, whereas 
polarons propagate over micrometers. The ob- 
served transport dynamics also rule out traditional 
exciton self-trapping (small polarons), which 
would reduce the exciton mobility upon polaron 
formation (32). These results illustrate the power 
of our correlative approach for understanding 
how polaron formation affects transport. 
Finally, we confirmed the formation of pola- 
rons in RegSegCl, and experimentally inferred 
their size by determining the density at which 
they begin to interact. At high densities, lattice 
deformations compete to displace the same 
atoms, resulting in a diminished ability to form 
polarons (Fig. 3A) (32). stroboSCAT data dis- 
played in Fig. 3B shows that as the photo- 
excitation density increases, the bare exciton 
signal (dark contrast) begins to dominate over 
the polaron signal (bright contrast), indicating 
that polaron formation is suppressed in re- 
gions of high excitation density. Figure 3C 
compares the polaron population (red trace) 
and bare exciton population (black trace) as 
a function of excitation fluence (analysis in 
fig. S14). We observed clear saturation of the 
polaron population at exciton densities between 
0.45 x 10"8/em? and 1.8 x 10'°/cm? (highlighted 
with a blue rectangle). This behavior signals 
that polarons are overlapping in space, analo- 
gous to a Mott transition that prevents further 
polaron formation (33). The onset of polaron 
saturation is also reflected in a transition from 
superdiffusive to almost diffusive transport (Fig. 
3D), which we attribute to polaron-polaron scat- 
tering above the saturation density. The sup- 
pression of exciton-to-polaron conversion above 
saturation is most evident in the spectral dy- 
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namics (Fig. 3E and fig. $15), where the redshift 
time associated with exciton stabilization in- 
creases from ~1.5 ps to hundreds of picoseconds. 
We reproduced these spectral dynamics (right 
panels of Fig. 3E) with a saturation model ac- 
counting for a kinetic blockade and polaron 
transport away from the excitation area (figs. S15 
and S16). According to the Mott criterion (34), 
the polaron interaction radius associated with 
the observed critical density range of 0.45 x 10'°/ 
cm? to 1.8 x 10'%/cm? is 2.1 to 3.4 nm, corre- 
sponding to three- to five-unit cells in RegSegClo. 


Acoustic polarons are responsible for 
wavelike transport 


Large polarons, known to form in materials 
such as lead halide perovskite semiconductors, 
have been suggested to partially shield carrier- 
lattice scattering (35). Nevertheless, experiments 
consistently demonstrate a diffusive transport 
regime (10, 18, 19, 36), with sub-100-fs scat- 
tering times that indicate insufficient shielding 
to switch into the much-desired macroscopic 
ballistic transport regime. In contrast, the 
sustained quasi-ballistic behavior observed in 
RegSegCly is reminiscent of acoustic polarons, 
which can form in low-dimensional materials 
and were theoretically invoked to rationalize 
the transport properties of polydiacetylene in 
one dimension (37, 38). 

The formation of acoustic polarons is rare, 
as is our observation of micrometer-scale exci- 
ton mean free paths at room temperature. To 
rationalize this notable behavior in RegSegClo, 
we use an approximate strong-coupling theory 
that describes an exciton of mass m coupled to 
acoustic phonons with a strength quantified by 
the deformation potential D in two dimensions. 
The acoustic phonons derive from superatoms 
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of mass M with intercluster vibrational fre- 

quency ©. In two dimensions, the energy to form 

a circular polaron with radius a and area na? is 
i 


1 
E =—— +-=MQ?A°nad? — DA 1 
Qmae 2 oo () 


where A is the dimensionless lattice displace- 
ment and fi is the reduced Planck constant (39). 
In this simple picture, the polaron is only bound 
if the electron-phonon interaction outweighs 
the energetic penalties associated with exciton 
localization and lattice deformation. Minimizing 
Eq. 1 with respect to the lattice displacement A 
gives the existence criterion 


mD? D? 
N> Ae A= = , 
. 2n?MQ2— 4JMs? 
he = "/o #16 (2) 


where i is a dimensionless measure of the 
exciton-acoustic phonon coupling strength, 
and in the second equality we have intro- 
duced the exciton transfer integral J and the 
speed of sound s = Qa. Applying density 
functional theory to RegSegCle, we calculate 
D = 4.4 eV (13). Taking into account the ex- 
perimentally inferred electronic band flat- 
tening due to intercluster optical phonons, 
which increases the exciton effective mass 
from 1.9m, at 0 K to 60m, at 300 K (7), we 
calculate a very small J of 1.5 meV at 300 K 
(13). When combined with the other material 
parameters (table S3), we find that 4 = 7 > A., 
predicting a strongly bound polaron. Figure 4A 
plots the coupling strength i for RegSegClo, 
monolayer WSeg, crystalline pentacene, and 2D 
organic-inorganic halide perovskites. RegSegClo 
has a coupling strength 4 that is 10 to 1000 
times greater than that of the other materials 
and is thus the only material considered in 
Fig. 4 that is predicted to exhibit bound acous- 
tic polarons according to the criterion in Eq. 2. 
Within this theory, the key parameters setting 
RegSegCly apart from other 2D and 3D semi- 
conductors is the combination of a quasi-flat 
electronic band structure at room temperature 
(small J) and strong exciton-acoustic phonon 
interactions (large D), yielding a large coupling 
strength i and associated strongly bound 
acoustic polarons. The polaron binding energy 
is reduced with decreasing temperature owing 
to the increase in the transfer integral J (7, 13). 
The estimate in Eq. 2 predicts that the polaron is 
not bound below ~175 K. Temperature-dependent 
stroboSCAT experiments (fig. S17) display a 
drastic reduction in MSD below ~150 K, lend- 
ing support to our central hypothesis and 
theory of acoustic polarons. We emphasize 
that Eq. 2 only provides a qualitative criterion 
for polaron formation and a detailed under- 
standing of the polaron stability and lifetime 
at finite temperature requires a more com- 
plete theoretical treatment (13). 
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Fig. 3. Determining polaron size in RegSegClo. (A) 


blockade at high densities. (B) Femtosecond stroboSCAT images at pump/probe 


energies of 2.41 eV/1.55 eV at initial exciton densities ra 


20 x 10'8/cm? in a 350-nm-thick RegSesCl. flake on glass. Bare excitons are 
associated with dark contrast, whereas polarons are associated with bright contrast. 
The rings observed at high exciton densities are diffraction rings. All scale bars 
are 3 um. (C) Relative populations of polarons and bare excitons at a pump-probe 
time delay of 5 ps as a function of initial exciton density, indicating saturation 
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Rationalizing the quasi-ballistic dynamics 
of acoustic polarons requires a more sophis- 
ticated quantum mechanical treatment. We 
generalize the stationary polaron description 
above and propose a variational wave function 
for the moving polaron defined by its average 
crystal momentum (73). Energy minimization 
produces the polaron dispersion shown in Fig. 
4B. Near the band bottom, we extract a large 
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properties collected in table S3). The critical value of 
ron dispersion for RegSegClz (13). The band effective 
(dashed blue line). The solid red line emphasizes 
mentum. 


effective polaron mass m* ~ 200m,, a substantial 
increase from the bare exciton mass of 607, at 
300 K. More importantly, at higher momenta, 
the polaron inherits the linear dispersion of 
acoustic phonons—a renormalization evocative 
of light-matter hybridization to form polari- 
tons (40). The linear dispersion of acoustic 
polarons with a slope below that of other acous- 
tic phonons implies weak scattering because 
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of the polaron population. The blue shaded region for exciton densities between 
0.45 x 10'8/cm? and 1.8 x 10!8/cm? indicates the range of critical polaron overlap * 
density. (D) MSD exponent, a, as a function of initial exciton density. Error bars 
are 1 SD. (E) Experimental (left) and simulated (right) transient reflectance 
spectra taken at the center of the focused pump excitation (B) for different initial 
exciton densities. Simulations are based on a saturation model accounting for 
exciton-to-polaron conversion and polaron transport away from the excitation 
spot (13). Data acquired at 295 K. 


there are no dissipation channels that conserve 
both energy and momentum (38). The polaron | 
is thus predicted to move quasi-ballistically , 
at a speed proportional to the speed of sound 
of the lattice, consistent with our experimen- 
tal observations. 


Discussion and outlook 


We have observed a transport regime medi- 
ated by acoustic exciton-polarons in the vaW 
superatomic semiconductor RegSegCly. Polaron 
formation shields excitons from scattering with 
lattice phonons, resulting in quasi-ballistic elec- 
tronic energy flow over several micrometers 
within a nanosecond at room temperature. 
We reveal a very long exciton mean free path of 
~1um, suggesting the possibility of ballistic 
excitonic transistors. Our discovery of this 
regime in a material with weak electronic 
dispersion provides an alternative to the cur- 
rent paradigm of increasing electronic conju- 
gation to improve transport. Indeed, our model 
for 2D acoustic polarons suggests that quasi-flat 
electronic bands and strong electron-phonon 


interactions can counterintuitively result in 
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exceptional electronic transport. Beyond 2D 
superatomic materials such as RegSegCl. and the 
recently reported graphullerene (41), moiré su- 
perlattices of 2D semiconductors may provide an 
interesting testing ground for acoustic polarons. 
Their superlattice potentials enable tuning elec- 
tronic bands (42, 43) to achieve values of J down 
to ~0. Combined with their strong deformation 
potentials (44), these flat bands could yield 
acoustic polarons with tunable transport prop- 
erties across a large temperature range. Gen- 
eralizing wavelike, ultralong-range electronic 
energy flow in 2D materials could herald an 
era of essentially lossless nanoelectronics. 
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QUANTUM GASES 


Universal scaling of the dynamic BKT transition in 


quenched 2D Bose gases 


Shinichi Sunami"*, Vijay Pal Singh?”, David Garrick’, Abel Beregi!, Adam J. Barker’, Kathrin Luksch’, 
Elliot Bentine’, Ludwig Mathey*°, Christopher J. Foot! 


The understanding of nonequilibrium dynamics in many-body quantum systems is a fundamental issue in 
statistical physics. Experiments that probe universal properties of these systems can address such 
foundational questions. In this study, we report the measurement of universal dynamics triggered by a 
quench from the superfluid to normal phase across the Berezinskii-Kosterlitz-Thouless transition in a 
two-dimensional (2D) Bose gas. We reduced the density by splitting the 2D gas in two, realizing a quench 
across the critical point. The subsequent relaxation dynamics were probed with matter-wave 
interferometry to measure the local phase fluctuations. We show that the time evolution of both the 
phase correlation function and vortex density obeys universal scaling laws. This conclusion is supported 
by classical-field simulations and interpreted by means of real-time renormalization group theory. 


he relaxation dynamics of a many-body 
system that is quenched out of equilib- 
rium display a wide range of scenarios, 
from simple exponential decay to relax- 
ation through metastable or prethermal- 
ized states (J, 2), including phenomena such as 
pattern formation (3), and the absence of ther- 


Fig. 1. Observation A 
of nonequilibrium 
dynamics in 2D 
Bose gases with 
matter-wave inter- 


ferometry. (A) A 2D x10! 


quench : 
Sp i adi evolution 
a ° 


malization (4). Systems that are quenched across 
a phase transition are particularly intriguing be- 
cause of their universal self-similar behavior, ex- 
pected in systems as diverse as superfluid helium 
(5), liquid crystals (6), biological cell membranes 
(7), the early universe (8), and cold atoms (9, 0). 
There are numerous theoretical challenges in 
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duce matter-wave 
interference after a 
TOF. Local phase 
fluctuations are 
observed by opti- 
cally pumping the 
slice (red sheet) and 
then performing 
absorption imaging. 
(B) Equilibrium 
phase diagram of 
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trapped 2D Bose 
gases (27). The 
quench forces the 
system out of equi- 
librium toward the 


normal phase. (€) (Top) Examples of interference images. Phase dislocation 
caused by a vortex is visible in the image at 510 ms. (Bottom) The histograms 
show the phase differences, Ad = (x) — (x’), at |x — x'| = 5 um, from 

45 experimental runs. The decreasing height and increasing width indicate increased 
phase fluctuations. (D) (Left) Free energies F;(n,) and F(ny) (continuous lines) in 
equilibrium for the initial and final conditions of the quench, with their minima 
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[e.g., (12)], and this motivates in-depth ex; 
mental studies to guide and test theories. 
For this purpose, ultracold gases have emerged 
as a platform of unprecedented control and 
tunability, serving as quantum simulators for 
the investigation of many-body dynamics. 
This approach has led to the observation of 
Kibble-Zurek (KZ) scaling (12-75) and univer- 
sal scaling laws (16-18) after a quench. Despite 
theoretical interest (19-21), universal critical 
dynamics in nonequilibrium continuous two- 
dimensional (2D) quantum gases remain elusive 
because of the lack of precise experimental 
probes. We show how fluctuations of the many- 
body 2D system can be probed directly through 
the extension of local matter-wave interferometry 
(22) similar to that previously used to probe the 
local phase fluctuations of near-integrable 1D 


1Clarendon Laboratory, University of Oxford, Oxford OX1 
3PU, UK. “Institut fiir Theoretische Physik, Leibniz 
Universitat Hannover, 30167 Hannover, Germany 2Quantum 
Research Centre, Technology Innovation Institute, Abu Dhabi, 
United Arab Emirates. “Zentrum fur Optische Quantentechnologien 
and Institut flir Laserphysik, Universitat Hamburg, 22761 
Hamburg, Germany. °The Hamburg Centre for Ultrafast 
Imaging, Hamburg 22761, Germany. 

*Corresponding author. Email: shinichisunami@physics.ox.ac.uk 


100 90 45 

0 0 

= Ad Tt = 7 Ao T —T Ad TT 
—0 
a 
3 
(o) 
te 

. oe ee bs allig J 


indicated by red points (38). After the quench, the system undergoes nonequilibrium 
dynamics (dashed lines) and relaxes toward the state with nonzero free-vortex 
density, ny. (Right) Illustration of the dynamics, showing the transition between 

a scale-invariant phase supported by bound vortex-antivortex pairs and the broken 
scale-invariant phase characterized by free vortices with the mean vortex-vortex 
distance Ly, where t, is the crossover time. 
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Fig. 2. Nonequilibrium scaling dynamics of the correlation function. 

(A) Relaxation dynamics of the phase correlation function C(x) measured after 
the quench for the initial reduced temperature, T = 0.34, where C(x) is an 
average over 45 realizations or more, and the error bars denote standard error. 
The data immediately after the critical time, t., are indicated by the red curve. 
For comparison, the measured data for equilibrium 2D gases (22) are shown by 
the gray curves: T = 0.41 (top) in the superfluid regime and T = 0.61 (bottom) 
in the normal regime. (B) Linear scaling of length x' = xt/t., according to time t/te, 


Fig. 3. Universal behavior 
across the dynamic BKT 
transition. (A) Measured 
algebraic exponent n(t) 
after the quench at differ- 


ent initial T (filled circles), 
where the equilibrium critical 
temperature, Te = 0.53, is 
crossed by the quench 
(22). Open circles indicate 
the corresponding simu- 
lation results (27). Solid 
lines indicate linear fits to 
the experimental data, and 
error bars denote standard 
fit errors. (B) Time evolu- 
tion of the measured (filled 
circles) and simulated 
(open circles) vortex den- 
sity, ny(t). The solid lines 
are power-law fits to the 
experimental data. Error 
bars are statistical, given 
by the square root of 
observed vortex number. 
(C) Time evolution n(t/t-), 


scaled according to the T-dependent crossover time, t,. The horizontal error bars arise from the uncertainty in t,. This universal behavior is used to determine the critical 


results in a collapse toward a common curve for time evolution up tot ~ 1s. This 
universal function is compatible with the expected behavior at the crossover in 
equilibrium (red dashed line), including the effect of inhomogeneity (27). At long 
times, deviations are observed (green points), indicating the breaking of scale 
invariance. (Inset) The y2 values for the algebraic and exponential fit functions 
(27). (€) Rescaling of the distance x = x,/n,(t), according to the vortex density 
ny(t), results in a collapse of the curves for times t > 1 s. Scaling behavior is 
compatible with an exponential decay (black solid line). (Inset) n,(t). 
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exponent, n, = 0.13(1) (horizontal dotted line), at t/t, = 1. The gray shaded curve indicates the simulation result at T ~ 0.4, and the solid line is a guide for the eye. 
(D) Scaled time evolution n,(t/t,), plotted on a log-log scale, displays a universal growth after t,. Black solid line is the fit with power law n,°ct?”, which yields v = 1.1(1). 
(Inset) Dependence of t, on T, with a solid line as a guide for the eye. 


systems (1, 2). A feature of 2D systems is that, 
unlike 1D systems, they exhibit phase transi- 
tions with associated critical phenomena. An 
especially interesting case is that of the crit- 
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ical dynamics across the Berezinskii-Kosterlitz- 
Thouless (BKT) transition (23-25), when the 
system is quenched from the superfluid to 
the normal phase, the opposite of commonly 
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used quenches that move from the disordered 
to ordered phase. Real-time renormalization- 
group (RG) theory and truncated Wigner sim- 
ulations (19) predict that the relaxation occurs 
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Fig. 4. Real-time renormalization : 4 
group flow and measurements. Gray 4 * Oo T =0.34 

lines with arrows are the RG flow of | A T=0.36 

the parameters x = 1/(2n) — 1/(2n¢) #* T=0A1 

and y = V2ng [Eqs. 1 and 2 and (27)]. 3. 7X @ 7 =045 

These results are compared with the vortex + T —0.47 . 
experimental data for six different initial > acta e T=05 = 
temperatures, with the time scaled by the 2+ ion : 
corresponding T-dependent crossover leg Hove 

time, t,. Error bars denote standard errors 1 x Simulation 
propagated from the values for n and ny. 2 

The results from a numerical simulation phonon relaxation 

at T = 0.47 are shown as black crosses, gut =< 0 
where the deviation from experimental data -2 0 2 4 


at small x is attributed to the slow trap- 
induced heating (27). 


through a reverse-Kibble-Zurek-type mecha- 
nism in which delayed vortex proliferation 
results in a metastable supercritical phase. 
For equilibrium systems, the BKT transition 
is driven by the unbinding of vortex-antivortex 
pairs (22, 26), underscoring the topological 
nature of the transition. This transition is 
characterized by a change of the functional 
form of the correlation function from a power 
law deep in the superfluid regime, g)(r, r’) = 
(P(r)"(r')) o< fr — r’|, to exponential deep 
in the normal regime, gy(r,r’) %¢ e- ¥V/, 
where ‘P(r) is the bosonic field operator at 
position vector r, n is the algebraic exponent, 
and 79 is a correlation length. A similar change 
of the functional form of the single-particle 
correlation function is also expected for the 
dynamical BKT transition. However, this change 
is expected to occur as a smooth crossover be- 
tween the two phases (19, 27). 

Here, we studied the critical dynamics across 
the BKT transition by quenching a 2D Bose 
gas from the superfluid to the normal phase 
by splitting it in two. Using spatially resolved 
matter-wave interferometry, we measured the 
first-order correlation function and vortex 
density to analyze their relaxation dynamics. 
We found that relaxation occurs through a 
two-step process involving phonon relaxation 
followed by dynamical vortex proliferation. 
We demonstrated universal scaling laws for 
the algebraic exponent and vortex density by 
performing measurements at different initial 
conditions. Both real-time RG theory (19, 28) 
and classical-field simulations are in good 
agreement with our measurements. 


Matter-wave interferometry after a quench 
Our experiments began with a single, pancake- 
shaped quasi-2D Bose gas in the superfluid re- 
gime, consisting of N ~ 9 x 10* atoms of S7Rb 
at reduced temperatures in the range T = 


interacting trapped gas (29), where ,/2n = 
11 Hz is the radial trapping frequency, / is 
the reduced Planck constant, and kx is the 
Boltzmann constant. The quench is imple- 
mented by a rapid splitting of the system in a 
multiple-RF-dressed potential (27, 30-32) 
(Fig. 1A), which results in a pair of decoupled 
clouds, each with atom number N’ = N/2, 
trapped in the two minima of a double-well 
potential. Each well has a vertical-trap frequency 
of @,;/2n = 1 kHz, hence the dimensionless 
2D interaction strength is ¢ = V/8na;, [lo = 
0.076 (27), where a, is the 3D s-wave scattering 
length and fo = \/i/(m,) is the harmonic 
oscillator length along z for an atom of mass. 
The initial reduced temperature, T; is chosen 
to be close to the equilibrium critical point at 
T ceq = 0.53 so that the value after splitting, 
T'/T = 1.67, corresponds to the normal phase 
(27). To investigate the dynamics, we let each 
cloud evolve independently for time ¢ before 
performing a time-of-flight (TOF) expansion 
of tror = 16 ms, after which we detected the 
matter-wave interference that encodes the 
in situ relative phase fluctuation, o(”), of two 
clouds along a line that goes through the center 
of the cloud. Interference images and histo- 
grams of spatial phase fluctuations Ad show 
stronger fluctuations at long evolution times 
(Fig. 1C). The dynamics across the BKT tran- 
sition are expected to be scale invariant until 
the bound vortex-antivortex pairs dissociate to 
disrupt the phase coherence (Fig. 1D). 


Relaxation dynamics 


To analyze the relaxation dynamics, we used the 
interference pattern to determine both the cor- 
relation function and the vortex density (22). The 
phase correlation of the system between two 
points at locations # — #/2 and x + 2/2, with 
spatial separation, is determined by C(x — 2/2, 


0.34 — 0.5; here, T= T/To is the ratio of the 
initial temperature, 7, and the critical temper- 
ature Ty = V6N(ho,/nkg) = 120 nK of a non- 
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/. 

im = 1 Ni, io; (w—-%/2)—0;(@+2/2) 
w+ 2/2) = Re[ Py" ellt area/2)] | 
where the index, 7, runs over N,. = 45 exper- 
imental repeats; C(v — #/2,x + 2/2) = 1 in- 
dicates perfect correlation of phases, whereas 
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C(x — %/2,x + 2/2) = 0 denotes uncorrelated 
phases. For quantitative analysis, we average 
C(x — %/2,x+ %/2) over x within the region 
of clear interference fringes to obtain C(2) (33). 
In (22), C(&) of 2D Bose gases at equilibrium 
was found to decay exponentially in the normal 
regime, whereas in the superfluid regime it was 
found to decay algebraically with spatially vary- 
ing exponent for inhomogeneous 2D gases in 
the superfluid regime, which is in agreement 
with the prediction based on local correlation 
approximation in (34). 

In Fig. 2A, we show the time evolution of 
C(z) after the quench at ¢ = 0. Initially, there 
is almost no spatial correlation decay because 
the two clouds have nearly identical phases; 
their phases decouple within ~100 ms (27). After 
this, we observe a temporal decay of C(x) for 
all x. At longer times, we observe rapid spatial 
decay of correlation, indicating vanishing co- 
herence at large distances. To determine the 
nature of this dynamic transition, we fit C(z) 
with the algebraic and exponential functions 
that are used to characterize the equilibrium 
BKT transition (22). As the system relaxes from 
the initial superfluid state to the normal state, it 
is expected that C(2) will evolve smoothly from 
algebraic to exponential scaling in the short- and 
long-time limits, respectively. At intermediate 
times, both power-law and exponential fitting 
can be used to extract physical properties of the 
nonequilibrium state; within the real-time RG 
picture, nonequilibrium systems in the crossover 
region are away from the fixed point and there 
is no direct correspondence to equilibrium sys- 
tems (19, 35). Indeed, at short and interme- 
diate times, the spatial decay of the correlation 
function is compatible with algebraic scaling, 
including the effect of inhomogeneity of the 
system, and with exponential scaling for long 
times (27). We identified the crossover time, ¢,, 
as the time at which the correlation function be- 
comes better described by exponential scaling 
rather than algebraic (Fig. 2B, inset). Even after 
t,, the x? values for the power-law model remain 
small, supporting the description of the system 
with the power-law exponent n beyond ¢, (27). 

The dynamic BKT transition is expected to have 
self-similar dynamics with a length scale that 
depends linearly on time (19, 36, 37). Motivated by 
this, we have plotted the correlation functions 
with rescaled length 2’ = xt/t,, using t; ~ 0.58 
(Fig. 2B). This shows convincingly that, except 
for long times, the fluctuations in the system 
depend only on the rescaled parameter x’ 
through a universal function, which we found 
to be close to the expected function at the equi- 
librium BKT crossover (Fig. 2B). We found the 
same behavior independent of the initial condi- 
tion (temperature) of the system, demonstrating 
the robustness of the scale-invariant behavior 
near the critical point (fig. S4). 

At long times, scale invariance is broken by 
vortex excitations, which results in an emergent 
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length scale, 79 = 1/,/my, where ny is the 
vortex density (27). To demonstrate this, we 
plotted the correlation function at long times 
against the rescaled distance % = %,/ny (Fig. 
2C) (37). We obtained 7, from the occurrence 
of sudden jumps of phases, which indicate the 
presence of a vortex core (22, 26, 27). These 
transformed correlation functions are nearly 
time independent, showing that the system 
can be characterized by the vortex density deep 
in the normal regime. 


Varying the initial conditions 

Having verified the behavior of the dynamic 
BKT transition, we next analyzed its universal 
characteristics by varying T. The time evolu- 
tion of the algebraic exponent, n, determined 
by using an algebraic fit to C(@), exhibits a 
linear increase in which the increase is faster 
for higher 7 (Fig. 3A). This shows that the dy- 
namics are accelerated at higher T and that 
the system quickly crosses over to the normal 
phase. This is also reflected in the measurements 
of the vortex density, n,,, showing a faster growth 
at higher 7 (Fig. 3B). We found that the vortex 
growth follows a power-law scaling as ex- 
pected from the RG predictions (fig. S8). We 
compared the measurements of nand n, with 
the corresponding results of classical-field 
simulations, which give consistent dynamics 
(Fig. 3, A and B). 

To confirm universal scaling, n and n, have 
been plotted as a function of scaled time, t/t, 
(Fig. 3, C and D). The time evolutions for various 
initial values of T collapse onto a single curve, 
showing the robustness of dynamical scaling. 
We found a linear increase of 1 across t = fe. 
In equilibrium theory, n scales approximately 
linearly with temperature in the superfluid 
regime (i.e., 1 & T/47pxr) (25), thus connect- 
ing the temperature scale with phase fluctua- 
tions. From this linear estimate, we obtained the 
critical exponent n, = 0.13(1) at t/t, = 1, close 
to the value n, = 0.17(3) found for a finite-size 
equilibrium system with similar experimental 
parameters (22) and different from the value 
of Ngxr = 0.25 for the equilibrium BKT tran- 
sition in the thermodynamic limit. The linear 
increase of n after t/t, = 1 is a precursor of 
nonequilibrium superheated superfluid (28) 
as a consequence of a delayed vortex prolifera- 
tion. The vortex growth after t/t, = 1 exhib- 
ited universal power-law scaling 2, ° ¢?’, with 
v ~ 1; this agrees with the RG prediction, as 
shown in the next section. 


Comparison to renormalization-group theory 


We next compared the experimental results 
with predictions based on the real-time RG 
equations (19, 28). These equations describe 
the time evolution of parameters character- 
izing the system from arbitrary nonequilibrium 
states flowing toward fixed points, which rep- 
resent possible equilibrium states. For the 
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dynamic BKT transition, the real-time RG equa- 
tions are (19, 27, 28) 


dg 1\g 
ale o 
dy 1g” 

a ion’? (2) 


where the vortex fugacity, g, is related to the 
vortex density by n,(t) = ng exp|(2In(g/2))/ 
(2 — 1/(2n))]. vis the mean density within the 
region of interest used for fringe analysis, and 
g is the interaction strength as defined pre- 
viously; these parameters also determine the 
healing length, € = 1/.\/ng, characterizing 
the length scale of the vortex cores (27, 38). 
This RG flow derives from the dynamical sine- 
Gordon model, serving as a dual model for 
describing the BKT transition; we have added 
a phenomenological heating term, y, to ac- 
count for the slow, trap-induced heating of 
the system (27). For n < 1/4, the fugacity is 
strongly suppressed, resulting in a linear dis- 
persion, w;, = ck. As n increases in time, the 
vortex fugacity becomes relevant and increases, 
resulting in a dispersion, o, = ¢\/k? + 1/r3(t). 
As we have argued and demonstrated in the 
previous sections, this is indeed supported by 
the two-step scaling behavior. Furthermore, 
at long times, we have 1/(2n) « 2, therefore 
Ny Xg Xt? (Fig. 3D). 

In Fig. 4, the experimental observations are 
plotted together with the RG flow diagram of 
Eqs. 1 and 2. For this representation, we defined 
# = 1/(2n) — 1/(2n,) and y = V2ng. This en- 
sures that 2 = 0 at n= 7, independent of 
system sizes, where n, = 0.13(1) for our finite- 
sized system, and n, = Ngxr = 1/4 is the the- 
oretical prediction in the thermodynamic limit. 
Our results follow a universal trajectory in the 
flow diagram. The quenched system begins at 
large x, where vortex excitations are suppressed 
and fugacity is small. Later on, nonequilibrium 
phonon creation drives the system toward 
smaller x, however still with suppressed y. 
As the system approaches the critical point 
X_ = 0, the onset of vortex excitation drives 
the transition. 


Discussion and outlook 


Our work provides a comprehensive under- 
standing of nonequilibrium dynamics across 
the BKT transition. The experimental mea- 
surements support the real-time RG picture of 
universality out of equilibrium, indicating that 
it is an excellent starting point for the theoret- 
ical study of a wide range of many-body dynam- 
ics within the framework of RG. The results 
also show that our matter-wave interference 
technique is ideally suited for further in-depth 
investigation of universal dynamics in 2D sys- 
tems, such as the Kibble-Zurek scaling (8) and 
nonthermal fixed points (39). 
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Giant lattice softening at a Lifshitz 


transition in Sr2Ru0, 


H. M. L. Noad?*, K. Ishida}, Y.-S. Li’, E. Gati’, V. Stangier”, N. Kikugawa®, D. A. Sokolov’, M. Nicklas’, 
B. Kim*°, I. I. Mazin®7, M. Garst®°, J. Schmalian2®*, A. P. Mackenzie’!°*, C. W. Hicks*"* 


The interplay of electronic and structural degrees of freedom in solids is a topic of intense research. 
More than 60 years ago, Lifshitz discussed a counterintuitive possibility: lattice softening driven by 
conduction electrons at topological Fermi surface transitions. The effect that he predicted, however, was 
small and has not been convincingly observed. Using a piezo-based uniaxial pressure cell to tune the 
ultraclean metal strontium ruthenate while measuring the stress-strain relationship, we reveal a huge 
softening of the Young’s modulus at a Lifshitz transition of a two-dimensional Fermi surface and show 
that it is indeed driven entirely by the conduction electrons of the relevant energy band. 


he coupling between elastic and electron- 

ic degrees of freedom is crucial to deter- 

mining the phase diagrams of correlated 

electron systems, such as those display- 

ing electronic nematicity, in which con- 
duction electrons develop anisotropies (1). 
However, there is always a “chicken and egg” 
question: Does the lattice drive or respond to 
the conduction electron physics (2, 3)? Here, 
we approached the entanglement of electronic 
and structural degrees of freedom using a 
different method from those most commonly 
used. We studied the stress-strain relationship 
of the quasi-two-dimensional (2D) correlated 
metal strontium ruthenate (SrzRuO,) as it 
was tuned through a saddle point Lifshitz 
transition (4-6) in which the Fermi surface 
topology changes and the Fermi level crosses 
a Van Hove singularity (VHS) (7). By combin- 
ing direct stress-strain measurements with 
experimentally determined entropy data across 
the same transition, we have demonstrated 
the existence of an unexpectedly large soften- 
ing of the lattice driven entirely by conduc- 
tion electrons. The possibility of such effects 
was discussed theoretically by Lifshitz him- 


x10° 


self >60 years ago, but their size was esti- 
mated to be extremely small (4). By contrast, 
here, we measured a large effect that is in 
principle singular, i.e., capable of introducing 
a lattice instability in the T— 0 limit if not cut 
off by a phase transition to some other form of 
order. We discuss our results in the framework 
of quantum critical elasticity and show that 
superconductivity is a natural way of cutting 
off quantum critical lattice softening. 


Young’s modulus dips across a stress-tuned 
Lifshitz transition in Sr,RuO, 


The material platform for our experiments, 
Sr2RuO,, has attracted considerable attention 
both as an unconventional superconductor 
(8-12) and as a benchmark 2D Fermi liquid 
(13, 14). It is one of the cleanest correlated 
electron materials known. The best single crys- 
tals have residual resistivities of ~50 nQ cm, 
corresponding to electron mean free paths of 
2 um or more (15). The Fermi surface of Sr2RuO. 
consists of three cylinders, commonly referred 
to asa, B, and y (74). Electronic correlations lead 
to a substantial mass renormalization over the 
values predicted in independent-electron band 
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the y band sits only 14 meV below a saddle 
point VHS at the M point of the tetragonal 
Brillouin zone (6). It is possible to tune this 
VHS through £; by applying a pressure of 
0.7 + 0.1 GPa along the [100] crystalline direc- 
tion (17, 18), profoundly affecting the electronic 
properties. For example, the superconducting 
transition temperature is enhanced by a factor 
of 2.4 from its ambient pressure value to 3.5 K 
(79), and the temperature dependence of the 
resistivity undergoes a large change from the 
conventional Fermi liquid 7? dependence seen 
at higher and lower stress (5). 

To investigate the consequences of this 
Lifshitz transition on the lattice stiffness, we 
used a custom apparatus in which both uni- 
axial stress o and strain € can be monitored 
simultaneously (20), allowing measurement 
of the Young’s modulus (fig. $1). To maximize 
the quantitative accuracy of the data, samples 
were milled into a necked shape, as shown in 
the inset of Fig. 1A, using a Xe plasma source 
focused ion beam. The end tabs were then 
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Fig. 1. The Young’s modulus E, of Sr,RuO, measured across a stress-tuned Lifshitz transition. (A) F, as a function of strain e,, measured at 4 K on three 
samples. Inset: Scanning electron micrograph of sample 2. (B) E, versus €,, at a series of temperatures measured on sample 2. (C) E, at 4 K taken from the 
temperature series in (B) (black) together with the entropy S/T extracted from elastocaloric data from a separate sample at 4 K (orange) plotted as a function of e,,. 


The elastocaloric data are from (23). 
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Fig. 2. A simple model quantitatively reproduces key experimental features. (A) Calculated £, versus €,, at selected temperatures. (B) E, and S,/T versus €,, at 
4K, where S, is the calculated contribution to the entropy of the y band. (C) E, versus temperature calculated at the Van Hove strain (solid line) and corresponding 
experimental data (filled circles) extracted from the temperature series shown in Fig. 1B. The averaging window for the data is a strain range of 3 x 10+. For details on 


the model, see (22). 


embedded in epoxy, which acts as a conformal 
layer through which large forces can be trans- 
mitted to the brittle samples. The necking 
creates a rapid crossover between low- and 
high-stress regions of the sample, which is 
important for resolving fine features in the 
stress-strain relationship (27). Full details on 
how we extracted the Young’s modulus and strain 
of the sample, including an examination of pos- 
sible systematic errors that could affect the anal- 
ysis, can be found in (22) and in figs. $2 to S5. 
Our core result is shown in Fig. 1A: the 
differential Young’s modulus Ey = dox/dE xx as 
a function of strain at 4 K. To demonstrate 
repeatability, data from three samples are 
shown. Samples 2 and 3 had a higher aspect 
ratio (22) and are therefore expected to yield 
more accurate data. Each sample was in a 
different stress cell. The force calibrations of 
the cells were refined using the known Lifshitz 
stress of -0.7 GPa (J8), where negative values 
denote compression. At the Lifshitz transition 
strain of evys = -(0.45 + 0.05)%, Ex is seen to 
drop to ~146 GPa, and then beyond the tran- 
sition to increase to ~200 GPa. In other words, 
contrary to our naive expectation, the dip in FE, 
is not a small effect; the softening of the lattice 
at the Lifshitz transition is between 10 and 
15% depending on the definition used for the 
background value. Under tensile strain, FE, 
again decreases quite rapidly. A Lifshitz tran- 
sition under tensile strain equivalent to that 
under compressive strain would be expected, 
and this decrease in F, is most likely caused 
by the approach to that transition. A second 
notable aspect of the lattice softening at the 
Lifshitz strain is its strong temperature de- 
pendence, shown in Fig. 1B. At 40 K, the dip is 
barely resolved. As the temperature is lowered, 
it sharpens and deepens, with a substantial 
change observable even between 5 and 4 K. 
Elastic constants are second derivatives of 
the free energy, C = oF, F=U-TS, where Uis 
the internal energy and S is entropy. The intui- 
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tive expectation might be that the valence band 
contributions to U completely dominate F and 
thus also the elastic moduli. However, the gen- 
erally valid expression for the free energy 
F(T,e) = Eo(e) —J,S(T’,e)dT’, where Eo is 
the ground state energy, reveals that any tem- 
perature dependence of elastic constants derives 
from changes in the entropy even if Eo(¢) may 
dominate the elastic moduli. Our Young’s mod- 
ulus data have a strong temperature dependence 
(Fig. 1B), so a link between the Young’s mod- 
ulus and a strain-dependent entropy would be 
expected. In Fig. 1C, we compare the entropy 
obtained from a recent study of the elasto- 
caloric effect on Sr,RuO, (23) at 4 K with the 
Young’s modulus data at the same tempera- 
ture. The strong correlation between the two 
leads to the conclusion that the key physics that 
we observe are driven by a conduction band. At 
this low temperature, the phonon contribution 
to the entropy in Sr,RuO, is negligible (24) and 
the valence band contribution even more so. 
All that would be observed is conduction band 
entropy because of the density of states at the 
Fermi level. 


Modeling lattice softening 


To understand the observed behavior quanti- 
tatively, we made use of a 2D model for the 
Landau quasiparticles of the y band (23), the 
parameters of which are all constrained by 
other observations on Sr,RuO, (25). This model 
(22) yields a contribution F,(T,€z2,€yy,E2z) to 
the electronic free energy as function of tem- 
perature and the three uniaxial strain values. 
The crucial ingredient of the theory is a 
symmetry-adapted deformation potential 
a ~ ¢'0t/de with tight-binding hopping pa- 
rameters ¢. (Notice that although we mostly 
refer to the uniaxial strain along the & axis as 
e, we briefly write out the axis labels explicitly 
to account for the correct Poisson effects that 
enter any measurement of the Young’s mod- 
ulus.) The total free energy is then given as F = 
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Fo + F,, where we determined Fp such that our * 
model reproduces the correct elastic constants 
for the unstrained samples at the reference 
temperature of T = 4K. We included the applied 
uniaxial stress using F > F - €),07,, Which 
yields the equation of state 6,,,= OF/O€y,. In 
linear elasticity, strain orthogonal to the ap- 
plied stress is accounted for by Poisson ratios, 
such aS €x = -VaxE xy With « = y, 2. For the rather 
large stress values applied here and given the 
subtle behavior near the Lifshitz transition, we 
must, however, allow for nonlinear relations 
Exx = Exx(Exe)- Those follow from OF/0e,, = 
OF/0e, = 0. This finally yields the differential 
Young’s modulus 


do. OE yy (Exx) 
E, = hing Ch+C, yy \ Pax 
dE xx ms 2 OExx 
O€xz (Eze) 
C3 ——— 1 
+13 — (1) 


with the usual definition of the elastic tensor. 
The elastic constants Cy = Cog — 27 a ficX 
(1 —fi) oe consist of a background contri- 
bution Co, and the part due to the y band with 
strain-dependent -, and Fermi function fy. 
Within linear elasticity, the derivatives are the 
strain-independent Poisson ratios and 1/F, is 
the 7 = j = 1 element of the inverse of the elastic 
tensor C; in Voigt notation. We show in (22) 
that, near the Lifshitz point, -e,,,/€2. and the 
differential Poisson ratio -O€yy/O€ x. differ and 
have a pronounced strain dependence (fig. S6). 
Once these nonlinear Poisson’s ratios were 
included, our model made the predictions 
shown in Fig. 2, A and B. The agreement with 
the experimental data shown in Fig. 1 is very 
good (see also fig. S7). The temperature depen- 
dence of the dip in the Young’s modulus and 
the relationship between the Young’s modulus 
and entropy at 4 K are reproduced well and 
provide evidence that the model correctly 
captures the key physics of the observations. 
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Qualitatively, the softening at the Van Hove 
point is a consequence of the fact that Young’s 
modulus is the sum of a presumed weakly 
temperature- and strain-dependent background 
contribution, E©, and a singular conduction 
electron contribution from the y band 


1 
(T/Tp)” + (€ax — vas)” 
(2) 


where A is a positive constant and Tp is a 
temperature such that 47>) is of the order of 
the electronic bandwidth. The logarithmic T 
and strain dependence stems from the fact 
that the electronic contribution to the elastic 
constants is proportional to the density of states 
[see the f,(1 - f,) term in the y-band contribution 
to C;], which diverges logarithmically at a VHS 
in 2D. All electronic contributions to the C, 
and the differential Poisson’s ratios also show 
this singular, logarithmic dependence. The sign 
of the coefficient A > 0 reflects that the y band 
will always cause a softening of the important 
diagonal elements C;; of the elastic tensor. The 
magnitude of A is determined by a combina- 
tion of band renormalization factors and the 
deformation potential: A °<¢ a. 

A further prediction of the model is that the 
temperature dependence of the Young’s mod- 
ulus at the Lifshitz pressure has negative 
curvature, and this is indeed observed in our 
measurements (Fig. 2C). This negative curva- 
ture, in addition to the strong link between 
elastic and electronic degrees of freedom that 
our data have established, imply that the Young’s 
modulus is related to an electronic suscepti- 
bility. The logarithmic softening, however, 
cannot continue down to the lowest tempera- 
tures. This interruption might be a consequence 
of a first-order structural transition, which was 
initially proposed by Lifshitz, or the formation 
of some electronic order that prevents a mech- 
anical instability. One way in which the loga- 
rithm will be cut off in a quasi-2D material is 
by coherent 3D effects caused by interlayer 
hopping. However, in the highly 2D y band of 
SrpRuO,, the scale for such processes is <3 K 
(8). Whether the onset of superconductivity at 
T, = 3.5 Kis related to the mechanical stability 
of Sr,RuO, is therefore an exciting open question. 


E, = E — Alog 


Interplay with superconductivity 


In this context, it was interesting to extend 
our Young’s modulus measurements to the 
superconducting state in which a small gap is 
opened at the Fermi energy. As shown in Fig. 3, 
A and B, the strong normal-state softening of 
the lattice is indeed cut off by the onset of the 
superconductivity, with the lattice hardening 
again slightly below the superconducting 7,, an 
effect that is most pronounced at the Van Hove 
strain. By contrast, if we suppress the super- 
conductivity by applying a 2 T out-of-plane 
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magnetic field, then the softening continues 
down to the lowest temperatures used in the 
measurement. 


0 20 40 60 
Temperature (K) 


Fig. 3. Tracking E, at key strains to lower and 
higher temperatures. (A) F, at eyys continues 

to soften with decreasing temperature as long as 
superconductivity is suppressed with a 2 T magnetic 
field (pink diamonds). In the presence of super- 
conductivity, E, hardens instead (0 T, red diamonds). 
The averaging window is a stress range of 0.05 GPa; 
the value of T, is taken from (19). (B) E, versus €,, at 
selected temperatures with and without an applied 
magnetic field (red, O T; pink, 2 T). The hardening is 
visible in the data at 1.9 K. The curves at 3 and 10 K 
have been offset by, respectively, 10 and 20 GPa for 
clarity. Data in (A) and (B) are from sample 3. 

(C) E, versus temperature at eyys (red), O.4eyus 
(dark blue), and zero strain (light blue) over a wide 
range of temperatures. Open circles, sample 1; filled 
circles, sample 2. Data at evs for sample 2 are 
replotted from Fig. 2C. The averaging window is a 
strain range of 4.05 x 10™ for sample 1 and 

3 x 10“ for sample 2. 
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A final aspect of our measurements is shown 
in Fig. 3C, in which we present F£, data over a 
wider range of temperatures, at zero strain, an 
intermediate strain, and the Van Hove strain. 
At zero strain, there is a broad minimum in 
the Young’s modulus at T ~ 40 K, reflecting the 
fact that, unusually, Sr,RuO, softens along the 
[100] crystalline direction as the temperature 
is decreased from room temperature (26). We 
show in fig. S8 that this feature is reproduced 
in our model, demonstrating that it too is a 
consequence of the conduction electrons in 
the y sheet. 


Discussion and outlook 


Although the model that we have used to 
analyze our Sr.RuO, data is specific to the 
Lifshitz transition in 2D, it can be viewed from 
amore general perspective that highlights the 
significance of low-temperature entanglement 
between electronic and elastic degrees of free- 
dom and emphasizes the close connection be- 
tween elastic response and entropy. Consider 
a quantum critical point (QCP) that can be 
crossed by varying some combination of ele- 
ments of the strain tensor. Under the assump- 
tion that hyperscaling holds near any such a 
strain-tuned QCP, for the singular contribution 
to the entropy 


S(T,2) = ri9(— =) (3) 


where zg and v are the dynamical and correla- 
tion length exponents, respectively, d is the 
dimension of space, o is a universal scaling 
function, and e, is the critical strain. The most 
notable consequence of Eq. 3 follows as one 
integrates the entropy with respect to tem- 
perature to obtain the free energy and then 
determine the elastic constant. Right at the 
QCP, where |e - ¢,|" « T, it follows that 


VE " v(d+2)-2 
VE 


ee Ea ()r 


(4) 


where 0” is the second derivative of ». Here, 
Co is a temperature-independent background 
contribution to the elastic constant that enters 
as an integration constant for the free energy. 
Because the entropy is maximal at the QCP, 
o” < 0. If vd + 2) > 2, then the universal tem- 
perature correction is small and positive and the 
system is mechanically stable. Conversely, the 
system must undergo an instability, defined 
by a vanishing elastic constant at a nonzero 
temperature, if the quantum Harris criterion 
v(d + 2) < 2 (27, 28) is fulfilled. Then, the above 
scaling theory of a “naked” QCP ceases to be 
valid; the system either crosses over to a new 
critical regime where strain becomes a genuine 
dynamical quantum critical mode or undergoes 
a phase transition to another state of matter. 
As discussed in (22) and figs. S9 and S10, the 
Lifshitz point herein corresponds to d = zg = 
v’ = 2, placing us at the boundary of the 
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quantum Harris criterion, resulting in a 
logarithmic temperature dependence, and 
leading to a mechanical instability. If one takes 
the limit v(d + 2) — 2, appropriate for the 2D 
Lifshitz transition, then the exponent in 
the temperature-dependent term in Eq. 4 
does not simply vanish because the prefactor 
CES diverges at the same time. Instead, 
one recovers the logarithmic behavior of the 
Lifshitz transition. 

Returning to the discussion of the experi- 
mental findings, the results presented herein 
constitute conclusive observation of a lattice 
softening driven by conduction electrons, the 
possibility of which was foreseen by Lifshitz 
>60 years ago (4). However, he considered 
hydrostatic pressure and transitions in mate- 
rials with 3D electronic structure, in which case 
the relative change in bulk modulus would be 
~10*, three orders of magnitude smaller 
than what we observed [(22) and figs. S11 and 
$12]. Partly for this reason, previous searches 
using hydrostatic pressure were unable to 
unambiguously resolve the predicted effect 
(29-33). Why, then, does it give such a promi- 
nent experimental signature in Sr,RuO,? First, 
we have worked with uniaxial rather than hydro- 
static pressure. Also, Srz,RuO, is an extremely 
clean material for which the relevant band is 
strongly 2D, preventing the logarithmic term 
in Eq. 2 from being washed out by 3D effects 
or disorder broadening. It is tempting on first 
inspection to assume that this logarithm makes 
the dominant contribution to the size of our 
signal, but for measurements performed at a 
few degrees kelvin, the size of the prefactor A 
actually plays the crucial role. It is hugely 
enhanced over Lifshitz’s original expectation for 
three reasons: (i) the correlation-induced y band 
renormalization, (ii) the nonlinear Poisson’s 
ratio effect contribution to Young’s modulus, 
and (iii) the value of o in the deformation po- 
tential. In our model, the experimentally ob- 
served Van Hove strain yields o = 7.6 and enters 
A as a”. To investigate further, we performed 
first-principles calculations, which emphasized 
that the y band of Sr.RuO, is based on Ru-O-Ru 
processes involving two d-p orbital hops, yield- 
ing o = 8 [(22) and fig. S13]. 

Our findings also provide perspectives on 
the nature and consequences of the entangle- 
ment between elastic and electronic degrees of 
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freedom in metallic solids. To what extent 
might they be a driver for superconductivity 
as a route to avoid divergent lattice softening? 
Do the physics directly following from conduc- 
tion electron density of states play a bigger than 
previously appreciated role in effects in heavy 
fermion physics such as the Kondo volume 
collapse (34) and lattice softening associated 
with magnetism (35) and metamagnetism (36)? 
Although these remain open questions, our 
observations provide strong and concrete 
evidence of relevance to the “chicken and egg” 
problem discussed in the introduction: Con- 
duction band physics can drive unexpectedly 
large structural effects, and conduction elec- 
trons are not always slaves to the lattice. 
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Unbiased transcription factor CRISPR screen 
identifies ZNF800 as master repressor of 
enteroendocrine differentiation 


Lin Lin'?**, Jeff DeMartino~*, Daisong Wang", Gijs J. F. van Son”, Reinier van der Linden’, 
Harry Begthel?, Jeroen Korving'*, Amanda Andersson-Rolf'2, Stieneke van den Brink?, 
Carmen Lopez-Iglesias’, Willine J. van de Wetering*, Aleksandra Balwierz°, Thanasis Margaritis®, 
Marc van de Wetering”*, Peter J. Peters’, Jarno Drost”°, Johan H. van Es*?, Hans Clevers2>*+ 


Enteroendocrine cells (EECs) are hormone-producing cells residing in the epithelium of stomach, 
small intestine (SI), and colon. EECs regulate aspects of metabolic activity, including insulin levels, 
satiety, gastrointestinal secretion, and motility. The generation of different EEC lineages is not 
completely understood. In this work, we report a CRISPR knockout screen of the entire repertoire 

of transcription factors (TFs) in adult human SI organoids to identify dominant TFs controlling 

EEC differentiation. We discovered ZNF800 as a master repressor for endocrine lineage commitment, 
which particularly restricts enterochromaffin cell differentiation by directly controlling an endocrine 
TF network centered on PAX4. Thus, organoid models allow unbiased functional CRISPR screens 


for genes that program cell fate. 


nteroendocrine cells (EECs) are special- 

ized epithelial cells of the intestinal tract 

that, like all other epithelial cell lineages, 

derive from regionally specified Lgr5* in- 

testinal stem cells (ISCs) (J-5). Balanced 
differentiation of EEC lineages from ISCs is 
governed by a network of transcription fac- 
tors (TFs) (6-12). RNA sequencing and organ- 
oid technology have illuminated the temporal 
hierarchy of gene expression profiles during 
EEC development (13, 14). By using a time- 
resolved reporter allele of Newrog3 (master 
regulator of endocrine development) (15, 16), 
a real-time and lineage-specific map of mouse 
EEC differentiation in vivo was constructed at 
single cell-level resolution (12). Overexpres- 
sion of NEUROGS3 can generate endocrine 
cells for functional characterization in human 
pancreatic duct cells (17). Leveraging human 
gut organoids, this strategy enabled profiling 
of EEC subtypes along the proximal-distal 
gastrointestinal axis (8). TFs known to specify 
EEC subtypes in mice were further examined in 
human organoids, revealing a predominantly 
conserved regulatory mechanism downstream 
of NEUROG3S activation. However, discrepancies 
between mouse and human data were also ob- 
served. The regulatory mechanisms upstream 
of NEUROGS and the endogenous repressive 
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factors that control NEUROG3 expression at 
the adult stage remain largely unknown. In this 
work, we established an organoid-based plat- 
form in combination with high-throughput ge- 
netic screening for the unbiased discovery of TFs 
that govern human EEC lineage commitment. 


Results 
TFome-wide CRISPR knockout screen in 
human SI organoids 


Optimized human SI organoids exhibit the 
spontaneous generation of all major cell line- 
ages, including EEC subtypes, without TF over- 
expression (79). For the current study, we 
aimed to establish a CRISPR screening platform 
spanning the entire repertoire of transcription 
factors (TFome) in human intestinal organoids 
to allow for unbiased and systematic discov- 
ery of TFs that govern cell lineage commitment 
from adult LGR5* intestinal stem cells. We 
used a CRISPR knockout library comprising 
7210 single-guide RNAs (sgRNAs) targeting 
1800 human TFs, alongside 100 negative con- 
trols (20-22). In the human ileum organoid 
line used, EECs were marked by CHGA-IRES- 
iRFP670, goblet cells by MUC2-mNeonGreen, 
and Paneth cells by DEFA5-IRES-DsRed (fig. 
S1A). We performed lentiviral-mediated library 
integration in expanding SI organoids (Fig. 1A). 
Library coverage was assessed by sequencing 
the integrated sgRNAs, comparing the organ- 
oids after transduction with the plasmid pool. 
Fate separation of CHGA* EECs and MUC2* 
cells occurs early in secretory progenitors, 
whereas DEFA5* Paneth cells emerge later from 
MUC2" progenitors (19), illustrating sequential 
fate decisions of ISCs (23, 24). We aimed to 
track the early CHGA*/MUC2* binary fate 
decision. After two-step organoid differentia- 
tion (19), we analyzed bulk populations as well 


and the CHGA’-/MUC2°/DEFA5” populat.c-» 


(fig. S1B). 0 to ~0.7% sgRNAs yielded zero 
reads in bulk populations, indicating robust 
coverage (fig. S2A). Normalized read-count 
distribution and Pearson correlations demon- 
strated high concordance between biological 
replicates (fig. S2, B and C). sgRNAs that target 
essential ISC genes [KLF5 (25) and TCF7L2/ 
TCF4 (26-29)] were depleted, along with 
“generic” cell fitness genes (POLR2L, MYC, 
and RAD5I) at both expansion and differen- 
tiation culturing stages (B score < -1; FDR < 
0.05 versus plasmid library) (fig. S2D and table 
Sl). Furthermore, sgRNAs targeting JRF2, an 
interferon pathway TF, were highly enriched 
upon differentiation, consistent with existing 
literature (30, 31). 

sgRNAs were then assessed in CHGA* EECs 
and MUC2* goblet cells versus the triple 
reporter-negative cell population (Fig. 1B 
and table S2). As expected, NEUROG3, SOX4, 
and INSM7 sgRNAs were depleted in EECs 
(8, 15, 16, 32). Additionally, NFIC, TEF, and 
ZHX2 appeared essential for EEC commitment. 
For each of these, clonal knockout organoids 
revealed a mild yet significant reduction of 
CHGA* EECs (Fig. 1, B and C, and fig. $3, A to 
C). Conversely, GFT] sgRNAs were enriched in 
EECs (Fig. 1, B and C). Mouse G/fi/ is crucial 
for goblet cell differentiation by suppression 
of Neurog3-driven EEC cell fate (23, 33). 
Indeed, GFI7 knockout in human organoids 
abrogated goblet cell formation while increas- 
ing EEC numbers (fig. $3, A and C, and fig. S14, 
C and D). 


ZNF800 represses EEC differentiation 


The strongest repressor of EEC differentiation 
in the screen, ZNF800, is a C,H, zinc-finger TF 
of unknown function (Fig. 1, B and C) (34). 
Human ZNF800 is broadly expressed, includ- 
ing in the SI and colon epithelium (fig. S4, A 
and B). ZN. F8007/- organoids contained in- 
creased EECs and strongly reduced goblet and 
Paneth cell numbers (Fig. 1, D and E, and fig. 
S4, C and G). Transmission electron micros- 
copy confirmed the absence of goblet and 
Paneth cells with the characteristic apical 
secretory vesicles and the increase of EECs 
with the basolateral secretory granules (Fig. 1F). 
Similarly, ZNF800 knockout in colon organoid 
lines from two different donors also resulted 
in a significant increase in EECs (fig. $4, D to G). 

We next performed single-cell RNA sequenc- 
ing (scRNA-seq) to study the phenotype of 
ZNF8007/~ organoids. For equal representa- 
tion, CHGA* cells were sorted from wild type 
(WT) and ZNF8007/- organoids and pooled 
with CHGA cells from the same lines in a 1:4 
ratio (Fig. 2A and fig. S5A). Major intestinal 
cell types were identified by graph-based clus- 
tering analysis (Fig. 2B and fig. S5B). We 
observed the expected reduction of goblet cells 
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Fig. 1. TFome-wide CRISPR screen for endocrine differentiation in human highlighted by fluorescent reporters. Scale bars, 100 um. (E) Proportion of 

SI organoids. (A) Schematic of TFome CRISPR screen. (B) Scatter plot of different differentiated cell types as determined by FACS analysis of the 
enrichment B score of each TF gene in CHGA* EECs and MUC2" goblet cells respective reporters. Data are shown as mean + SEM. **P < 0.01; ***P < 0.001; 
versus the triple reporter—negative cell population. (€) Individual sgRNA ****P < 0.0001 by multiple t tests with two-stage linear step-up procedure of 


enrichment for genes of interest presented by logs-fold changes in CHGA* EECs_ —_ Benjamini, Krieger, and Yekutieli with Q = 5% and n = 3. (F) Transmission 
versus triple reporter-negative cell population. Density plot (top) represents the electron microscopy images of WT and ZNF800’~ human SI organoids. Goblet 
distribution of nontargeting sgRNAs. (D) Representative confocal images of and Paneth cells are indicated with asterisks in WT organoids, and EECs are 
WT and ZNF800~’~ human SI organoids. Representative marker genes for EECs _ indicated with asterisks in ZNF800’~ organoids. Scale bars, 20 um and 
(CHGA, magenta), goblet cells (MUC2, green), and Paneth cells (DEFA5, red) are 10 wm (zoom in). 
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Fig. 2. Phenotypic characterization of ZNF800~’~ organoids. (A) Uniform 
manifold approximation and projection (UMAP) of WT and ZNF800°’~ organoids 
from scRNA-seq. Descriptive cluster labels are shown. TAI, transit-amplifying cell 
stage 1; TA2, transit-amplifying cell stage 2. (B) Dot plot showing the relative 
expression and the percentage of cells expressing selected markers across 
scRNA-seq clusters. Two representative markers for each cluster are plotted. 
(C) Stacked bar plot showing the EEC cell populations in WT and ZNF800°”~ 
organoids. (D) Reverse transcription (RT)—-qPCR quantification of various EEC 
markers in CHGA* cell populations of WT and ZNF800-“~ organoids. (E) (Top) 
Schematic of dox-inducible overexpression construct of ZNF800. (Bottom left) 
Representative immunohistochemical staining images of ZNF800 in ZNF800°’~ 


in ZNF800 /~ organoids (2.3%) compared 
with WT organoids (10.8%) (fig. S5C). Clonal 
formation efficiency of WT and ZNF‘ 8007" SI 
and colon organoids revealed no significant 
differences (fig. S6é, A and B). Cell-cycle pro- 
gression in WT versus ZN F800 /~ organoids 
using a Fucci cell-cycle reporter (35) showed 
no significant differences (fig. S6C). The com- 
bined results indicate that ZNF800 does not 
affect ISC homeostasis in organoids. 

EECs were further subclustered based on 
markers of early EECs (VEUROG3 and PAX4), 
enterochromaffin cells (ECs, CHGA and TPH1) 
and the other EEC subtypes (D cells, SST; L cells, 
GCG and PYY; M/X cells, MLN and GHRL; 
I cells, CCK; G cells, GAST; N cells, NTS) (Fig. 
2B and fig. S7A). Notably, early EECs and ECs 
were increased in ZNF800 /~ organoids, where- 
as other EEC subtypes were depleted (Fig. 2, 
C and D, and fig. S7A). The same phenotype 
was also observed in human colon organoids 
(fig. S8, A and B). Thus, ZNF800 loss induces 
robust EEC differentiation at the expense of 
goblet cells while also driving an EC-biased 
trajectory. 

We reexpressed WT ZNFS800 protein in 
ZNF8007/~ organoids by doxycycline (dox)- 
inducible overexpression (Fig. 2E and fig. S8C), 
which effectively rescued goblet and Paneth cell 
differentiation while repressing EEC lineage 
commitment (Fig. 2F). Notably, the EC-biased 
differentiation pattern was also reversed upon 
ZNF800 rescue, which resulted in decreased 
serotonin secretion, a hallmark hormone of 
ECs (Fig. 2G and fig. S8D). 


ZNF800 represses the endocrine TF 
regulatory network 


Differential gene expression (DGE) analysis in 
CHGA* cell populations of WT and ZNF 8007" 
organoids highlighted distinct expression pat- 
terns of EEC-specific TFs (fig. S9, A and B). To 
unravel these gene regulatory mechanisms, 
we performed single-cell regulatory network 
inference and clustering (SCENIC) analysis 
on our scRNA-seq dataset (36), which iden- 
tified 249 regulons activated across different 
cell clusters (table $4). Regulons controlling 
EEC commitment displayed higher activity 
in ZNF800-/~ organoids, including SOX4, 
NEUROD2, and PAX4 (Fig. 3A). Notably, TEF 
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and n = 3. 


and NFIC, discovered in the TFome CRISPR 
screen as EEC regulators, also showed regulon 
activity in EEC lineages (fig. S9C), supporting 
the functional relevance of our hits. 

Chromatin immunoprecipitation sequencing 
(ChIP-seq) with anti-ZNF800 and anti-FLAG 
antibodies revealed 11,565 consensus peaks in 
WT organoids and 7085 in rescued ZNF 8007/- 
organoids (q value < 0.01) (fig. S10A). Most 
ZNF800-binding sites localized within +5 kb of 
transcription start sites (TSS) (fig. S1IOB). Com- 
parison between ZNF800 peak-proximal genes 
in WT organoids and in rescued ZNF800-/~ 
organoids showed a clear overlap (Fig. 3B). 
Of the consensus 3625 ZNF800-binding genes, 
we captured 3085 (85%) in our scRNA-seq 
dataset (fig. S11A). DGE analysis (adjusted 
P value < 0.05) revealed that 461 (15%) of the 
ZNF800-bound genes were significantly up- 
regulated upon ZNF800 knockout, whereas 59 
(2%) were significantly down-regulated (fig. 
SIIB and table S5), indicating that ZNF800 
functions as a transcriptional repressor. 

Gene ontology enrichment analysis of 870 
genes (corresponding to the top 1000 anti- 
ZNF800 ChIP-seq peak loci) revealed enrichment 
of neural and endocrine-gland development 
pathways (fig. S11C and table S6). We then 
constructed an enrichment map for gene sets 
involved in gland development, endocrine sys- 
tem development, and pancreas development 
(Fig. 3C). In particular, INSM1, NEUROG3, and 
PAX4 were found to be central TFs in each node 
with the highest ZNF800 binding activity. As 
predicted from SCENIC (Fig. 3A), ZNF800 
bound SOX4 and NEUROD2 loci (Fig. 3D and 
fig. S12A). EGR2 and DLL3 were also priori- 
tized as top hits by ZNF800 peak abundance; 
both are implicated in neurogenesis (37-41) 
and specifically expressed in endocrine cell 
lineages (fig. S12B). These findings were highly 
correlated with their respective gene expres- 
sion profiles (fig. S1OC and S12B). Notably, we 
also identified mild enrichment of ZNF800 
binding activity on the NEUROD1 locus (fig. 
$12A). Knockout of ZNF800 resulted in increased 
gene expression of NEURODI (fig. SIIB). How- 
ever, NEUROD] did not appear as a hit in our 
CRISPR screen (fig. S12C). Newrod1 acts as a late- 
stage EEC TF in mice (72). In human EECs, 
NEURODI was also found to mark late pro- 
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organoids with or without dox-induced ZNF800 expression. (Bottom right) 
Representative confocal images of organoids with fluorescent reporters. Scale 
bars, 100 um. (F) Proportion of EECs and goblet and Paneth cells as determined 
by fluorescence-activated cell sorting (FACS) analysis of the respective 
reporters in ZNF800°’~ organoids with or without dox-induced ZNF800 
expression. (G) Enzyme-linked immunosorbent assay (ELISA) quantification of 
serotonin secretion of organoids in different conditions. Data in this figure are 
shown as mean + SEM. N.d. not detected; ns, not significant. *P < 0.05; 

**P < 0.01; ***P < 0.001; ****P < 0.0001 by multiple t tests with two-stage 
linear step-up procedure of Benjamini, Krieger, and Yekutieli with Q = 5% 


genitors and mature EECs (18). We therefore 
generated NEURODI’~ organoids, which ex- 
hibited no effect on EEC or goblet cell differ- 
entiation (fig. S12, D to F), whereas profiling of 
EEC subtypes demonstrated a mild decrease in 
ECs, G cells, and M/X cells and a mild increase 
in N cells (fig. S12G). These results confirmed 


that NEUROD1 is a late-stage TF regulator, ~ 


which does not affect the EEC or goblet binary 
cell-fate decision. 

Most ZNF800-binding loci presented a bi- 
valent (H3K4me3- and H3K27me3-containing) 
chromatin signature in the SI and colon (Fig. 
3D and fig. S13A). Such marks are associated 
with stem-cell differentiation, allowing timely 
responsiveness to TF regulation (42, 43). The 
reversibility of gene activation or suppression 
by poised ZNF800-binding loci was tested in 
organoids with inducible ZNF800 expression 
(fig. S13B). Sequential cycles of dox induction 
demonstrated that ZNF800 alone can trigger 
a dynamic yet reversible equilibrium between 
EECs and goblet cells. 


GFl1 and ZNF800 function independently in 
repressing EEC differentiation 


Given that both ZNF800 and GFTI were discovered 
in our screen as repressors of EEC differentia- 
tion, we sought to understand their regulatory 
interactions by generating a double knock- 
out of GFZ and ZNF800 (GFII’~:ZNF8007/~) 
in human SI organoids (fig. $14A). Further ab- 
rogation of goblet and Paneth cells was ob- 
served in GF’ “;ZNFi 800 organoids (fig. S14, 
C and D), mirrored by further induction of . 
EECs. The GFI1~ single knockout did not lead 
to EC bias (fig. S14E). Instead, we observed a 
mild decrease of EC cells (TPH17) and a subtle 
increase in L cells (PYY). Notably, ZNF800 
expression was not affected by GFT/ loss (fig. 
$14, B and E). Because GFI1 is expressed in 
goblet and Paneth cells (33) and the knockout 
of ZNF800 significantly depleted both cell 
types, we assayed GFT1 expression in goblet cells 
sorted from WT (12 + 1.0%) and ZNF8007/~ 
(3.4 + 0.14%) organoids to avoid biased cell 
heterogeneity of the organoids, which revealed 
no differences in GFI1 expression (fig. SI4F). 
Overall, our results indicated that ZNF800 and 
GFT1 function independently as repressors of 
EEC differentiation. 
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Fig. 3. ZNF800 binds to chromatin regions of TFs involved in endocrine 
differentiation. (A) Heatmap with unsupervised clustering of gene regulatory 
network activity in different cell clusters within WT and ZNF800°~ organoids 
and visualized as row z-scores of mean area-under-the-curve (AUC) values. 
Zoom-in plot highlighting the top TF regulons specifically activated in early EECs. 
Regulons with significant differences between WT and ZNF800“~ are indicated 
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with asterisks, assessed by Wilcoxon rank sum test. (B) Venn diagram of 
overlapping genes annotated from ChiP-seq datasets generated by anti-ZNF800 
antibody in WT organoids and anti-FLAG antibody in ZNF800~’~ organoids with 
dox-induced ZNF800 expression. (C) An enrichment-network plot depicting 

the linkages of gene sets and three selected pathways by gene ontology analysis. 
(D) ChiP-seq tracks at the INSM1, PAX4, NEUROG3, and SOX4 loci. 
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Fig. 4. PAX4 is responsible for EC-biased differentiation trajectory as a 
direct downstream target of ZNF800. (A) Proportions of EECs as determined 
by FACS analysis of organoids from different genotypes by CHGA reporter. 
(B) RT-qPCR quantification of various EEC markers in CHGA* cell populations of 
organoids from different genotypes. (C€) ELISA quantification of GLP-1 and Ghrelin 
secretion of organoids from different genotypes. (D) RT-qPCR quantification of 


PAX4 drives EC differentiation directly 
downstream of ZNF800 

A panel of genes was found to be up-regulated 
across multiple cell types upon ZNF800 knockout 
(table S7), including COL442, TMEM178B, and 
BTBDiI (fig. S15A). ZNF800 binds to these genes, 
but not to the down-regulated genes such as 
SULTIC2, HMGCSI, and MS4A8 (fig. S15B). De- 
spite their modest up-regulation, the expression 
pattern and the annotated function of these 
genes did not directly relate to the EEC phe- 
notype. Therefore, we focused on EEC TFs 
with stronger functional implications (fig. S9, 
A and B). 

We focused on three direct ZNF800 target 
genes, INSM1, SOX4, and PAX4 (Fig. 3D), by 
performing double knockouts (fig. S16A). EEC 
induction was effectively suppressed, but to 
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different extents (Fig. 4A). Similar to the single 
depletion of INSM17 (fig. S3C), INSM7 knockout 
in ZNF8007/- organoids caused an essentially 
complete reversal of EEC induction, confirming 
its pivotal role in the TF cascade (8, 44). Addi- 
tional knockout of SOX4 or PAX4 in ZNF8007/~ 
organoids both reduced EEC numbers. 

Next, we analyzed EEC subtypes in the CHGA* 
cell population from different mutant back- 
grounds (Fig. 4B and fig. S17, A and B). Ad- 
ditional knockout of INSM1 or SOX4 caused 
a mild reduction of EC cells (TPH) in CHGA* 
cells while further suppressing L cells (GCG and 
PYY) and D cells (SST). Loss of PAX4 directed 
a robust conversion of EC-biased EECs into all 
other EEC subtypes. Basal secretion of subtype 
hormones (L cell, GLP-1; M/X cell, Ghrelin), 
confirmed their functionality (Fig. 4C). We also 


ARX expression in CHGA* cell populations of organoids from different conditions. 
(E) Schematic of ZNF800-driven repression model during endocrine cell 
differentiation. Data in this figure are shown as mean + SEM. N.d. not detected; 
ns, not significant. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 
multiple t tests with two-stage linear step-up procedure of Benjamini, Krieger, 
and Yekutieli with Q = 5%, n = 3. 


performed a single knockout of SOX4 and 
PAX4 (fig. S3A, SI6B and S18A). The SOX4-/~ 
single knockout significantly repressed L cells 
(GCG), N cells (NTS), D cells (SST), and G 
cells (GAST), whereas MLN-expressing M/X cells 
were not affected, agreeing with findings in 
Sow4/~ mice (12) (fig. $18, B to D). The PAX4"/~ 
single knockout repressed ECs while mildly up- 
regulating other EEC subtypes. Overall, PAX4, 
as a direct target of ZNF800, appeared respon- 
sible for the EC-biased EEC differentiation 
trajectory seen upon loss of ZNF800. 

Mouse ECs are exclusively Pax4-dependent 
(45), whereas Arv is essential for L, G, I, and N 
cells (10, 45). We therefore probed a possible 
interaction between PAX4 and ARX in our 
organoids. ARX expression was down-regulated 
in ZNF800/~ organoids and up-regulated in 


6 of 8 


RESEARCH | RESEARCH ARTICLE 


PAX4:7~ single-knockout and ZNF8007~;PAX4"/~ 
double-knockout organoids (Fig. 4D and fig. 
S19, A and B). Reintroduction of PAX4 in 
ZNF8007/- sPAX4/ ~ organoids significantly 
repressed ARX expression (fig. S20, A and B). 
Furthermore, as expected, the EEC differentia- 
tion trajectory in ZNF' 800! ~:PAX4/ ~ organoids 
was redirected to an EC-biased phenotype upon 
PAX4 reexpression. 

Reciprocal transcriptional repression exists 
between Pax4 and Arx during mouse pancrea- 
tic development (46, #7). We assessed whether 
ARX also inhibits intestinal PAX4 expression 
by overexpressing ARX in ZNF‘' 300 /- organoids 
(fig. S21A). ARX overexpression was insuffi- 
cient to reverse the EC-biased EEC cell type 
specification induced by the ZNF800-PAX4 
axis (fig. S21, B and C). Furthermore, PAX4 
expression was not affected upon ARX over- 
expression in the ZNF800~~ condition (fig. S21D). 
We next performed ChIP-qPCR of ARX on the 
PAX4 locus using FLAG-tagged ARX in human 
SI organoids (fig. S21E). Unlike ZNF800, ARX 
did not bind to the PAX4 upstream enhancer 
region (fig. S21F). We also performed ChIP-qPCR 
of PAX4 on the ARX locus using FLAG-tagged 
PAX4 (fig. S22A), focusing on six ultraconserved 
enhancers (48-50) (fig. S22B). PAX4 did not 
bind across these enhancers, including hs121, 
which exhibits PAX4 binding activity in the 
mouse pancreas (fig. S22C) (49). Overall, our 
results strongly supported that PAX4 unilater- 
ally inhibits ARX, whereas the inhibitory effect 
does not involve direct chromatin interaction 
through the previously described regulatory 
elements. 


Discussion 


The human SI epithelium consists of at least 
14 main cell types, including six EEC lineages 
(51, 52). Leveraging the near-physiological cell 
heterogeneity of human SI organoids, we per- 
formed a CRISPR screen for positive and neg- 
ative TF regulators of EEC lineage commitment. 
Our findings define a ZNF800-repressive 
mechanism upstream of the classic endocrine 
gene regulatory network (Fig. 4E). Among its 
direct downstream targets, INSM1, SOX4, and 
NEUROG3@ are well described central players 
that drive early EEC commitment. We also 
found that PAX4, in the absence of ZNF800, 
drives an EC-specific cell fate by suppressing 
differentiation of all other EEC subtypes. 
The PAX4 knockout rescued somatostatin- 
producing D cells in ZNF800 /~ organoids 
(Fig. 2D and fig. S7A). Although Pax4 con- 
trols both B- and somatostatin-producing 6-cell 
specification in the mouse pancreas (46), our 
single PAX4 knockout had no effect on SST- 
expressing D cells (fig. S18C). This prompts 
questions into the generalizability of endo- 
crine fate regulation between different diges- 
tive organs. Double depletion of Pax4 and Arx 
promoted 6-cell specification in mice (49), 
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suggesting that a third TF is involved in 6-cell 
cell differentiation, and that Pax is likely to in- 
duce a B-cell fate at the expense of 6 cells. There- 
fore, the up-regulation of PAX4 by ZNF' 800°/- 
in human SI organoids might drive a further 
binary cell-fate decision between ECs and 
D cells. 

ZNF800 is ubiquitously expressed along the 
crypt-villus axis in the adult human gut epi- 
thelium (fig. S4A), marked by H3K4me3 en- 
richment and low H3K27me3 levels (fig. S4B), 
indicating an open chromatin state and active 
expression. The scRNA-seq dataset of the devel- 
oping human gut revealed that ZNF800 is 
already expressed at the earliest assayed time 
point of 6.1 postconception weeks (53). Given 
the downstream TF network described in our 
study, it appears likely that ZNF800 also plays 
an important function in embryonic develop- 
ment. A recent coexpression network study in 
mouse pancreatic development (54) revealed 
that expression of the mouse ortholog zfp800 
correlates with endocrine specification from 
embryonic day 8 (E8) until E15.5. Global knock- 
out of zfp800 caused postnatal lethality and 
disrupted early pancreatic development (in- 
cluding both endocrine and acinar cells at 
E18.5). Thus, the constitutive null phenotype 
hindered a mechanistic study of mouse z/p800 
function in the endocrine lineages. It is con- 
ceivable that ZNF800 might regulate f-cell 
differentiation in the human pancreas through 
the TF network described in this study. 
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Multiplicative enhancement of stereoenrichment by a 
single catalyst for deracemization of alcohols 


Lu Wen7{, Jia Ding}, Lingfei Duan{, Shun Wang, Qing An, Hexiang Wang, Zhiwei Zuo* 


Stereochemical enrichment of a racemic mixture by deracemization must overcome unfavorable entropic 
effects as well as the principle of microscopic reversibility; recently, photochemical reaction pathways 
unveiled by the energetic input of light have led to innovations toward this end, most often by ablation 

of a stereogenic C(sp*)-H bond. We report a photochemically driven deracemization protocol in which a 
single chiral catalyst effects two mechanistically different steps, C-C bond cleavage and C-C bond 
formation, to achieve multiplicative enhancement of stereoinduction, which leads to high levels of 
stereoselectivity. Ligand-to-metal charge transfer excitation of a titanium catalyst coordinated by a 
chiral phosphoric acid or bisoxazoline efficiently enriches racemic alcohols that feature adjacent and 
fully substituted stereogenic centers to enantiomeric ratios up to 99:1. Mechanistic investigations 
support a pathway of sequential radical-mediated bond scission and bond formation through a common 
prochiral intermediate and reveal that, although the overall stereoenrichment is high, the selectivity 


in each individual step is moderate. 


biquitous C(sp*)-C(sp*) bonds in organic 

compounds have recently been exploited 

as unconventional functional handles 

for rapid complexity generation through 

skeletal editing (7-5). This logic presents 
intriguing opportunities for stereogenic bond 
construction via asymmetric catalysis. Most 
commonly, stereogenic C-C bonds are formed 
by facially selective addition to a prochiral start- 
ing material (Fig. 1A) (6-8). Critically, the overall 
enantioselectivity of this process is thus a direct 
function of the stereodifferentiation of the two 
prochiral faces in the single stereodefining step 
[enantiomeric ratio (er) = Kz/ks, where kp is the 
rate of formation of the (R)-enantiomer and Xz; is 
the rate of formation of the (S)-enantiomer]. As 
a result, exceptionally high degrees of stereo- 
induction are required in this irreversible addi- 
tion step to achieve synthetically useful results 
(Kr >> kg). An alternative paradigm can be en- 
visioned transiting through a prochiral inter- 
mediate to enable a formally reversible C-C bond 
formation process, which can convert a mixture 
of racemates into enantiomerically pure com- 
pounds (Fig. 1B). This approach would enable a 
broader purview for catalytic deracemization 
because C-C bonds constitute the fundamental 
three-dimensional skeleton of complex mole- 
cules. Through stereoisomerization of the molec- 
ular core, as opposed to the peripheral C-H bonds, 
consecutive or fully substituted stereogenic cen- 
ters could be directly enriched by using this cycle 
of stereocenter-ablating C-C bond scission and 
stereocenter-generating C-C bond formation, 
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which would provide a powerful platform for 
enantioenrichment via catalytic deracemization. 

Within this framework, we recently won- 
dered whether one catalyst could be directly 
responsible for each of these stereoselective 
steps by means of different mechanisms, which 
would thus allow for deracemization. The multi- 
plicative nature of stereoinduction would lead 
to amplification of the enantiodifferentation 
ability of the catalyst, in analogy to the Horeau 
principle in which multiple asymmetric steps 
do not necessarily need rigid stereocontrol to 
obtain highly enantioenriched diastereomers 
(9-11). However, in this case, because one of 
the stereodifferentiating steps in the catalytic 
cycle involves stereoablation, the same multi- 
plicative enhancement could be achieved in 
the context of enantioinduction of even a sin- 
gle stereocenter (er = kpk_s/k>k_p). To achieve 
synthetically useful levels of enantioinduction 
[>90% enantiomeric excess (ee)], the single cat- 
alyst would only be required to achieve roughly 
60% ee in each of the stereocenter-ablating and 
stereocenter-generating steps. 

Although conceptually simple and synthet- 
ically intriguing, the development of such pro- 
cesses has been hindered by the principle of 
microscopic reversibility (J2-18). To address 
this critical issue, previous studies have opted 
to use a single chiral catalyst for deracemiza- 
tion through a two-step process that consists of 
a nonselective step and a stereodifferentiating 
step. Notable early studies on redox-driven de- 
racemizations by Toste et al. (19) and Zhou et al. 
(20), as well as recent breakthroughs in photo- 
chemical deracemization such as Bach e¢ al.’s 
seminal works that used enantioselective trip- 
let sensitization (78, 27-23) and several other 
elegant systems with reversible C-H bond 
formation (24-29), have demonstrated the 
effectiveness of this approach (30, 31). Very 
recently, Knowles and Miller and co-workers 


27 October 2023 


tem that consisted of one chiral base for © ont 
bond breakage and a chiral thiol catalyst for 
C-H bond formation, which exploited the syn- 
ergistic effect of two chiral catalysts for the 
photocatalytic deracemization of cyclic ureas 
(32). It is important to note that using one 
chiral catalyst to effect asymmetric induction 
in both bond-breaking and bond-making events 
will result in an overall equilibrium of racemate 
because of the shared energy surface (33, 34), 
unless distinct reaction pathways can be re- 
alized by a single catalyst. 

Recently, we have applied ligand-to-metal 
charge transfer (LMCT) excitation in an or- 
chestrated sequence of in situ coordination, 
LMCT homolysis, and alkoxy radical-mediated 
B-scission to the catalytic activation of C-C 
bonds of free alcohols for fragment couplings 
(35-38). Driven by the thermodynamic stabil- 


ity of radicals, both strained and unstrained * 


C-C bonds can be selectively and irreversib- 
ly cleaved into a carbonyl unit and a carbon- 
centered radical (39). Notably, high-valent 
metal ions, including commonly used Lewis 
acids, can be directly used for LMCT catalysis 
(40-45), which led us to consider the possibil- 
ity of photocatalytic deracemization using chiral 
ligand-coordinated, LMCT-competent Lewis 
acid catalysts (Fig. 1C). Conceivably, asymmetric 
LMCT catalysts could leverage the chiral recog- 
nition of racemic alcohols in the coordination 
step to preferentially form one diastereomeric 
metal alkoxide complex, initiating enantiose- 
lective C-C bond scission, even if the B-scission 
process may not respond to asymmetric induc- 
tion. The concurrent generation of a carbonyl 
fragment and a transient carbon-centered 
radical would set the stage for single-electron 
reduction and enantioface-differentiating ad- 
dition to rebuild the stereogenic C-C bond, which 
could be facilitated by the lower-valent chiral 
metal complex generated in the photoexcita- 
tion event (46-55). In this work, we realize this 
design plan and describe an LMCT-enabled 
deracemization platform that uses a single 
chiral Ti-catalyst to induce decoupled and 
enantioselective C-C bond cleavage and for- 
mation, which results in high stereoselectivity 
through multiplicative enhancement of stereo- 
induction. By exploiting the photocatalytic 
properties of a common Lewis acidic Ti(IV) 
catalyst ligated by chiral phosphoric acid or 
bisoxazoline, racemic alcohols—including those 
that feature adjacent and fully substituted ste- 
reogenic centers—can be efficiently converted 
into their enantioenriched forms with pro- 
nounced selectivity. 


Catalyst optimization with cyclic alcohols 


We selected the cis isomer of 2-phenylcyclo- 
pentanol (1) as the model substrate to explore 
LMCT catalysis for deracemization (Fig. 2). Ex- 
tensive evaluation of high-valent metal catalysts 
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A Established enantioselective C-C bond formations 
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Sa . 
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Kp>> kgs R 


enantioenriched 
X=C, O,N, etc. 


stringent requirement for high enantioinduction: er = ky/ Ks 


principle of microscopic reversibility: kK_p >> ks 


B Catalytic deracemization via enantioselective C-C bond scission and formation 


chiral catalyst {s) 
ks > kp kp > ks 


racemate enantioenriched 


X* (R) 


multiplicative enhancement of stereoenrichment: er = (kK_g Kp) / (kK_p Ks) 


one chiral catalyst + two distinct enantioinduction steps => high stereoselectivity 


C Deracemization of free alcohols enabled by asymmetric LMCT catalysis 


OH OH 
Ti catalyst, chiral ligand i catalyst: R 
R 7 R 
a 
- one oer 
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hv, -e t Mea L- >= Ti 
Se R Nos 
up to 81% yield, up to 99% yield, 
enantiodifferention in bond scission enantioinduction in bond formation 8.9:1 d.r., 93: 7 er 20:1 d.r., 99: 1 er 90% yield, 93: 7 er 


Fig. 1. Catalytic deracemization paradigms via enantioselective bond scission and formation. Multiplicative enhancement of two distinct enantioinduction steps 
enables high levels of stereoselectivities in deracemization. (A) Established enantioselective C-C bond formations. (B) Catalytic deracemization via enantioselective 
C-C bond scission and formation. (C) Deracemization of free alcohols enabled by asymmetric LMCT catalysis. Bn, benzyl; Boc, t-butyloxy carbonyl; hv, photon energy; 

L* chiral ligand; Me, methyl; Ts, p-toluenesulfonyl; Ph, phenyl; Re, R prochiral face. 
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entry ligand yield (%) dr. 
1 (S)-LA 93 8.8:1 
2 (R)-L2 94 2.2:1 
3 (R)-L3 96 1 
4 (R)-L4 99 11 
5 (S)-L5 97 1.6:1 
6 (R)-L6 94 1.24 
7 (R}-L7 99 3.2:1 
8 (S)-L1, EtN(‘Pr) instead of NasCO3 99 3.9:1 
9 (R)-LA 99 8.8:1 


28)-1 


er 


\e 
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11 FeCl, instead of TiCl4 95 >20:1 50:50 
12 no (S)-L1 95 1:1.2 50:50 
13 no TiCl4 >99 >20:1 50:50 
14 dark >99 >20:1 50:50 


Fig. 2. Reaction optimization. Reactions were performed on a 0.05-mmol scale. Yields, dr, and er (given for major diastereomers) were determined by high-performance 
liquid chromatography (HPLC) analysis. CFs, pentafluorophenyl; EtN('Pr)2, diisopropylethylamine; Tf, trifluoromethanesulfonyl; TRIP, 2,4,6-triisopropylphenyl. 


with chiral ligands under the irradiation of | phosphoric acid (CPA) as an effective cata- | for stereoselective cationic polymerization (56). 
light-emitting diodes (LEDs) (peak wavelength, | lyst combination for photocatalytic deracem- | In practice, we found that the combination 
395 nm; light intensity, 0.8 W/cm?) at 20°C | ization. This chiral Lewis acid combination has | of 4 mol % TiCl, and 16 mol % (S)-L1 in the 
(see fig. S1 for detailed experimental setup) | been previously used by Leibfarth to control | presence of substoichiometric Na,CO; achieved 
revealed the combination of TiCl, and chiral | enantiodifferentiating C-C bond formation | optimal efficiency and selectivity, generating 
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(+)-33 F3C 
90%, 93:7 er 


93%, 96:4 er 


(-)-34 
96%, 97:3 er 


(+)-28 
95%, 94:6 er 


(+)-29 
95%, 98:2 er 


substrates with strained ring systems 


Br 


HO, HO, 
OMe , OMe 


(9-354 
81%, 8.9:1 d.r., 93:7 er 


(-)-36 + 


84%, 3.8:1 d.r., 92:8 er 


OMe 


(3-37 + 
91%, 3.3:1 d.r., 91:9 er 


(+)-38 t # 


82%, 3:1 d.r., 90:10 er 


N~Boc 


(+)-39 + 
85%, 10:1 d.r., 90:10 er 


(1-40 8# 
80%, 91:9 er 


Fig. 3. Reaction scope of cycloalkanols. Yields and dr and er values were determined based on isolated products and were the average of three parallel reactions. 
*4 mol % TiCl, with 16 mol % L1. ¢2 mol % TiCl, with 8 mol % L6. +4 mol % TiCl, with 16 mol % L6. §2 mol % TiCl, with 8 mol % L5. -40°C. #0°C. See 
supplementary materials for experimental details. CjoF7, heptafluoronaphthyl; Cy2Fo, nonafluorobiphenyl; Et, ethyl. 


cis (1S,2S)-1 with high efficiency and notable 
enantioselectivity (93% yield, 99:1 er, entry 1). 
Under these mild and redox-neutral condi- 
tions, only a small amount of trans isomer was 
obtained along with the desired cis isomer 
[8.8:1 diastereomeric ratio (dr)], without the 
observation of side products such as aldehyde 
from photocatalytic ring-opening processes, 
ketone from 2e oxidations, or alkene from de- 
hydration (see fig. S2). The steric environment of 
the CPA has a notable influence on the stereo- 
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chemical outcome. Replacing the sterically hin- 
dered tri-iso-propylphenyl rings of L1 with 
trimethylphenyl (L2) resulted in markedly 
diminished stereoselectivity (entry 2), where- 
as phosphoric acids bearing electron-deficient 
arene substituents (L3, L4,, L5, or L6) re- 
sulted in rather low selectivities (entries 3 to 
6). Use of the more acidic but less coordinat- 
ing N-triflyl phosphoramide L7 in place of L1 
resulted in markedly lower stereoselectivity 
(3.2:1 dr, 21:79 er) despite similar steric envi- 
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ronments (entry 7). Organic base diisopropyl- 
ethylamine was also found to be effective for 
the desired deracemization (entry 8). Chang- 
ing the loading of CPA relative to Ti from 4:1 
to 2:1 had little effect on the efficiency and 
stereoselectivity (see table S3), and the 4:1 
ratio was adopted for best reproducibility on 
small-scale parallel reactions. A linear corre- 
lation between the enantioenrichment ob- 
served in the reaction and the ee value of CPA 
was identified (see fig. S4), and the absence 
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4 mol% TiCl4, 10 mol% L8 


Ph 
on” 
R 


(+)-42 F 98%, 20:1 d.r., 99:1 er* 
(+)-43 Cl 92%, 20:1 d.r., 97:3 ert 
(+)-44 Br 95%, 16:1 d.r., 99:1 er” 


> 
0.3 equiv. NagCO3, DCM 
LEDs, 20°C, 4h 


(4)-43 


(1S, 2R), (+)-41 
95%, 20:1 d.r., 98:2 er 


2 OH OH oO Hiss 
Me Ph : Ph > _ 
AD te, S14 mvs 
Me NTs Ye) as NHTs 
(+)-46 + (+)-47 t (+)-48 p-OMe 94%, 20:1 d.r., 98:2 er 
98%, 20:1 d.r., 97:3 er 96%, 11:1 d.r., 98:2 er (+)-49 m-Cl 84%, 5:1 d.r., 96:4 er T§ 


Fig. 4. Deracemization of acyclic alcohols. Yields and dr and er values were determined on the basis of iso 
reactions. *8 mol % TiCl, with 20 mol % L8. +12 mol % TiCl, with 30 mol % L8. {Dichloromethane (DCM) and benzotrifluoride (PhCF3) (1:1). §PHCF3 instead of DCM. 


of a nonlinear effect in this deracemization 
indicated that a single CPA is presumably in- 
volved at the Ti center (57). Use of (R)-LI re- 
sulted in identical values of stereoselectivity 
with opposite configuration, supporting the 
catalyst-controlled stereoselectivity (entry 9). 
Furthermore, deracemization of the second- 
ary alcohol was not observed when swapping 
TiC, with CeCl, or FeCl, (entries 10 and 11), and 
instead, a trace amount of 5-phenylpentanal 
was observed, indicating that Ce and Fe LMCT 
catalysts are capable of C-C bond scission but 
not effective at promoting C-C bond-forming 
addition. Moreover, control experiments re- 
vealed that L1, TiCl,, and an LED light are 
essential for the deracemization (entries 12 
to 14). 

As demonstrated in Fig. 3, this Ti- LMCT- 
enabled photocatalytic deracemization can 
be carried out on structurally diverse cyclo- 
alkanols of varying ring sizes, indicating that 
ring strain is not a decisive factor. In cyclo- 
pentanol and cyclohexanol substrates, we found 
that the deracemization is somewhat insen- 
sitive to the electronic nature of the B-aromatic 
rings. Excellent enantioselectivities could be 
obtained for a series of diverse substituents 
on the para, ortho, and meta positions, with 
trivial differences in the diastereoselectivities. 
Even in the presence of large aromatic rings 
such as naphthalene (11), benzothiophene (12), 
and dibenzofuran (13), the thermodynamical- 
ly less-stable cis isomers were preferentially 
formed for cyclopentanols. Regarding the six- 
membered ring system, enantioenriched trans 
isomers were selectively generated, presumably 
by virtue of a chair-like cyclic transition state 
for C-C bond formation. We found that (R)- 
L6 was most effective for the deracemization 
of trans-2-substituted cyclohexanols. Notably, 
enantioenriched 3-hydroxy piperidine (23), 
an essential building block for the syntheses 
of important marketed pharmaceuticals such 
as zamifenacin, piperidolate, and benidipine, can 
also be selectively obtained with this straight- 
forward protocol (58). Critically, enantioen- 
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riched synthesis of o-tertiary alcohols with 
fully substituted stereogenic carbons could be 
facilely achieved by this deracemization plat- 
form. With the catalytic combination of TiCl, 
and (S)-L5, a variety of tertiary 3-hydroxy pi- 
peridines could be obtained with high levels 
of enantioenrichment, regardless of the elec- 
tronic nature of the o-aromatic rings. Tertiary 
alcohols with o-methyl substituents can also 
be accommodated, which renders structurally 
diversified piperidine scaffolds with excellent 
stereoselectivity. Further studies revealed that 
larger alkyl groups at the a-position, including 
ethyl and isobutyl groups, resulted in somewhat 
lower er (see table S10). The stereochemistry of 
tertiary alcohols 24: and 34 has been unam- 
biguously assigned by single-crystal x-ray dif- 
fraction. Even f-substituted cyclobutanols were 
compatible with this deracemization paradigm 
and generated enantioenriched cyclobutanols 
35 to 38 with good enantioselectivities through 
enantioselective C-C bond scission and reforma- 
tion of the highly strained four-membered ring. 
The generation of aldehyde byproducts through 
a photocatalytic ring-opening process was ob- 
served in those strained substrates, which re- 
sulted in declined yields of deracemization. 
Secondary and tertiary alcohols embedded in 
seven-membered carbocycle or azepane scaf- 
folds were also compatible, albeit with mod- 
erate selectivities. We conducted a scaled-up 
deracemization of cyclohexanol 14 at 1 mmol 
scale by using a simple and easily assembled 
photoflow system (see section 5.1 in the sup- 
plementary materials), which rendered (—)-14: 
with similar levels of selectivities as the stan- 
dard conditions (91% yield, 7.2:1 dr, 95:5 er). 


Extension to acyclic alcohols 


This protocol is not limited to cyclic hydroxyl- 
ated scaffolds because the deracemization of 
acyclic alcohols has been validated on 1,2-diaryl 
aminoalcohols, a privileged scaffold for chiral 
ligand synthesis (Fig. 4). Under similar cata- 
lytic conditions as for the cyclic substrates, with 


chiral bisoxazoline L8 as the ligand (see table 
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ated products and were the average of three parallel 


S11 for the ligand evaluation), enantioenriched 
(+)-41 can be obtained with excellent yield and 


stereoselectivity (20:1 dr, 98:2 er). A variety of ” 


substitution patterns on the o- and B-aromatic 
rings proved compatible, and high yields and 
excellent stereoselectivities have been obtained 
with no sensitivity to the electronic property 
of the aromatic rings. This deracemization has 
provided a practical approach to enantio- 
enriched aminoalcohols with electronically 
differentiated aryl rings on two different car- 
bon termini (59, 60). Moreover, we conducted 
1-mmol-scale reactions with 41 and 43, which 
delivered enantiopure alcohols with identi- 
cal selectivities to the standard condition at 
prolonged reaction time (10 hours). Compound 
(+)-43 can be elaborated via deprotection and 
double condensation to generate a differen- 
tially arylated bisoxazoline ligand, the para- 
chloro substituted version of L8 (see section 
5.2 in the supplementary materials). 


Mechanistic investigations 


We carried out mechanistic investigations to 
elucidate the reaction pathway. Using C-H- 
deuterated cylopentanol 50 and aminoalcohol 
51 delivered nearly identical stereochemical 
outcomes as the unlabeled analogs without 
eroding the deuteration ratio, which precludes 
hydrogen atom transfer (HAT) or stepwise oxi- 
dation reduction as possible deracemization 
pathways (Fig. 5A). With the same ligand, en- 
antioconvergent transformations that used the 
trans isomer of 1 or the opposite enantiomer 
(1R,2R)-1 resulted in the same (1S,2S)-1 product 
with identical stereoselectivity, supporting a 
common, prochiral intermediate generated by 
the C-C bond scission (Fig. 5B). This conclusion 
can also be drawn from the same set of exper- 
iments with aminoalcohol 411 (fig. S8). 

The LMCT-homolysis behavior of Ti(IV) com- 
plexes has been validated by steady-state photol- 
ysis experiments by using an in situ-generated 
putative complex [Ti(IV)L(OR)] (Fig. 5C). We 
used a mononuclear [Ti”(L8)Cl,] complex, char- 
acterized by x-ray diffraction, in the ligand 
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A _ Isotope labeling experiments preclude alcohol oxidation/reduction and HAT pathways for deracemization 


D OH D. OH HO. D HO D 


' 
D. ‘ ie 4 mol% TiCl4, 16 mol% L1 D - a mois Amol TO 10 mote LB 10 mol% L8 Jaan 
D at —— D. aa f 
D 0.3 equiv. NagCO3, LEDs D f Waseda 3 equiv. NagCO3, LEDs NHTs 
1 
\ 


Za 


o% vi F 9 
88% yield, 6.8:1 d.r. (4)-51 90% yield, 20:1 d.r. (4)-51, 97:3 er 
D-inc: > 95% D-inc: > 95% 


(+)-50 (+)-50, 97:3 er 
D-inc: > 95% D-inc: > 95% 


B__ enantioconvergent transformations support deracemization through a shared, achiral intermediate 


ia OQ 4 mol% TiCl,, 16 mol% L1 oH Q 4 mol% TiCly, 16 mol% L1 gH 
cy 0.3 equiv. NayCO, LEDs cy ie 0.3 equiv. NayCO3, LEDs { 7 S 
96% yield, 10.7:1 d.r., 99:1 er 92% yield, 8.9:1 d.r., 98:2 er 
trans isomer, (+)-1 (1S, 2S)-1 (1R, 2R)-1 


C steady state photolysis experiments validate the LMCT-homolysis of Ti(IV) alkoxide complex 


395 nm laser 
[Ti'™(L8)(OR)CI,] —————> 


Absorbance (a..) 


in situ formed complex 
1H NMR, DOSY NMR 


[Ti¥(L8)C1,] aldehyde confirmed 
by ‘H NMR, GC-MS 


300 400 500 600 700 800 


characterized by x-ray diffraction Wavelength (nm) 


D _ spin-trapping EPR experiments validate the generation of alkyl radical in the bond scission event 


OH ; ; with DMPO with PBN ¢ 
Ph spin-trapping reagent 


+ TiCly + 1 
Na,CO3, LEDs 
Exp Exp 
g g 
LMCT 6-scission | es Ey sim Si sim i 
[T!“L(OR)CI,]_ ———> Ph | 2 
in situ formed complex 
1H NMR, DOSY NMR TEMPO-adduct isolated a = ry ua 350 32 34 
B(mT) B(mT) 


cross-over experiments validate the intermediacy of aldehydes in the bond see event 


re) OH fe) 
a a Brmol% TiCly, 20 mol% LE H¢ LoPh Kph, Hee 
H 
0.3 equiv. “0.3 equiv. Na;COy, LEDs LEDs oat joes 
NHTs NHTs 
tia ° NHTs rye 
52 


anti, (+)-46 anti, (+)-46 anti, (+)-42 
with 50 mol% 53 35%, 97:3 er 26%, 99:1 er 54% : 
with 100 mol% 53 15%, 97:3 er 48%, 99:1 er 79% 
F _ time-course study reveals synergistic enantioinduction G _ asymmetric induction validated in decoupled bond scission and forming events 
4 mol% TiCl, QH 9 4 equiv. TiCly-(THF), ou 
10 mol% L8 HgC. Ph HC. NTs 2.5 equiv. L8 HC. Ph 
a R H + eS R 
NHTs 0.3 equiv. NagCO3 NHTs Ph* ~H 2 equiv. Zn powder NHTs 
H3C LEDs H3C HC dark Hc 
syn, (+)-46 anti, (+)-46 52 54 anti, (+)-46 
100 100 
| | 46 (anti): 2% yield, 77:23 er —=> kp/ Kg = 3.3:1 
804 > 80 
CO.Et 
—— yield of anti-46 ] H,c7 “S . si CHg 
i ‘3.5 equiv.) 
= 604 —— yield of syn-46 460 _ CO.Et Ph COzEt 
Sl ade aes AG ("= (2-46 - + 82 
2 Pr ale 2 anti 4 mol% TiCl4, 10 mol% L8& NHTs CO,Et 
er (initial) = 75:25 | 0.3 equiv. NazCO3, LEDs, 3h 5a dee ies 
20e) ee 46 (anti): 65% remaining, 71:29 er 3 k.g/kK_y= 8.1: 
4 4 + 1 1 1 r 4 1 
9 2g a 108 120 deracemization of 46: 97:3 er (experimental) er = (K_g kp) / (K_g ks) = 96:4 
Reaction time (min) 


Fig. 5. Preliminary mechanistic investigations. (A) Isotope labeling experiments. (B) Enantioconvergent transformations. (C) Steady-state photolysis 
experiments. a.u., arbitrary unit; GC-MS, gas chromatography-mass spectrometry. (D) Spin-trapping EPR experiments. Exp, experimental; Sim, simulation. 
(E) Crossover experiment. (F) Time-course study. (G) Decoupled radial-mediated bond formation and photocatalytic bond scission. THF, tetrahydrofluoran. 
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exchange with an equimolar amount of 46 for 
the in situ generation of [Ti'’(L8)(OR)]. The 
‘H nuclear magnetic resonance (NMR) spec- 
trum displayed characteristic signals that can 
be assigned to the bisoxazoline L8 and alk- 
oxide ligands in a 1:1 ratio, and diffusion or- 
dered spectroscopy (DOSY) NMR experiments 
confirmed that the obtained species are mono- 
meric complex and not higher aggregates (fig. 
S10). In the same vein, the putative complex 
generated from TiCL, with an equimolar amount 
of L1 and 14 was prepared (fig. S12). Both 
complexes exhibited substantial absorptions 
in the proximity of 395 nm. Under the irra- 
diation of a 395-nm laser, with the gradual 
decay of the absorption band ranging from 
300 to 400 nm, a weakly absorbing band in 
the 500- to 800-nm region started to emerge 
as the originally light yellow solution turned 
blue, which is indicative of the generation of 
Ti(III) species (43). Upon exposure to air, the 
blue solution was swiftly bleached to the 
yellow Ti(IV) complex with the ultraviolet to 
visible spectrum fully recovered. Aldehyde 52, 
formed by radical-mediated bond scission, 
was detected by gas chromatography-mass 
spectrometry and 'H NMR, supporting the 
generation of alkoxy radicals. Regarding the 
cycloalkanols, the proposed alkyl radical gen- 
eration by rapid alkoxy radical B-scission was 
monitored by operando electron paramagnetic 
resonance experiments with 5,5-dimethyl-1- 
pyrroline N-oxide (DMPO) and a-phenyl-N-tert- 
butylnitrone (PBN) as spin-trapping reagents. 
As depicted in Fig. 5D, the characteristic sig- 
nals of alkyl radical adduct with DMPO [hyper- 
fine splitting constant Ay = 14.4 G, Ay = 20.9 G, 
spectroscopic splitting factor (g) = 2.0061] or 
PBN (Ay = 14.6 G, Ay = 2.4 G, g = 2.0062) can be 
clearly distinguished, whereas alkoxy radical ad- 
duct was not detected, indicating a fast B-scission 
process that favors the C-C bond cleavage or 
a concerted oxidation with C-C bond scission 
(61, 62). Moreover, we further confirmed the 
alkyl radical generated in the B-scission by the 
isolation and characterization of the 2,2,6,6- 
tetramethylpiperidin-1-oxyl (TEMPO) adduct. 

We rationalized that within the same mech- 
anistic framework, the aromatic aldehyde gen- 
erated from the f-scission process of acyclic 
aminoalcohols could be exchanged with a 
more reactive exogenous aldehyde for the C-C 
bond formation event to generate another 
aminoalcohol product. Indeed, under the same 
catalytic conditions for deracemization, cross- 
over experiments with racemic 46 and para- 
fluorobenzaldehyde 53 resulted in a newly 
formed aminoalcohol 42 that contained a 
parafluoropheny] group (Fig. 5E). The newly 
generated aminoalcohol 42 underwent de- 
racemization to reach the same level of en- 
antioenrichment as the standard condition 
(99:1 er). The yield of 42 can be further en- 
hanced at the expense of deracemization 
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product 46 with increased concentration of 
aldehyde 53. The foregoing results collec- 
tively and unambiguously support the inter- 
mediacy of aldehydes and carbon-centered 
radicals generated by B-scission as the shared 
intermediate in this deracemization paradigm. 
The high efficiency of the desired cyclobutane 
ring formation in the deracemization of cyclo- 
butanols is notable because direct intramolec- 
ular radical addition to the carbonyl to form a 
four-membered ring is energetically unfa- 
vorable, considering the high exothermicity 
and low activation barrier of cyclobutoxy cleav- 
age (39, 63). There are two seemingly reason- 
able pathways for this cyclization that account 
for the ability of Ti(III) to mediate such a rad- 
ical bond formation: (i) reductive capture of the 
formed alkyl radical by photogenerated Ti(IID 
preceding a stereodifferentiating 1,2-addition 
with the carbonyl group via a six-membered 
cyclic transition state; or (ii) reversible reduction 
of the carbonyl to a transient Ti-ketyl radical 
followed by radical-radical coupling. Although 
the relative 1,2-stereochemistry observed for 
cyclobutanol (trans), cyclopentanol (cis), and 
cyclohexanol (trans) substrates is reminiscent 
of pseudoequitorial positioning of bulky groups 
in cyclic transition states (fig. S18), the precise 
nature of this ring closure warrants further 
investigation. 

Insight into the level of asymmetric induc- 
tion incurred in the C-C bond-forming events 
can be gleaned by tracking the time course of 
the deracemization of the syn-46, which re- 
sults in enantioenriched anti-46 (Fig. 5F). In 
the first 20 min, the bond cleavage of syn-46 
and bond formation step to generate anti-46 
results in a steady er value of 75:25. As the 
concentration of newly generated anti-46 ap- 
proaches that of syn-46, the er value of anti- 
46 gradually increases as the deracemization 
of the formed major diastereomer takes place, 
eventually reaching an equilibrium value of 
97:3 er. The steady er value of anti-46 during 
the initial 20 min indicates that the newly 
formed anti-46 is not yet substantially in- 
volved in the bond cleavage cycle, and the 
enantiofacial-determining ratio of the bond 
formation step can be estimated as 75:25, which 
results in Kp/Kkg ratio of 3:1. This approximate 
value is supported by a 77:23 er (Kp/Kzg ratio of 
3.3:1) obtained for the inefficient reductive cou- 
pling of aldehyde 52 and imine 54 under dark 
conditions with L8-ligated TiCl;, despite pre- 
dominant pinacol coupling (Fig. 5G) (57, 53, 64). 
Conversely, we could directly probe the bond 
scission of aminoalcohol 46 by the introduc- 
tion of a large amount of radical trapping re- 
agent 55, which would lead to kinetic resolution 
based on enantioselective C-C bond cleavage. 
The asymmetric induction of the C-C bond 
scission step can be established as a k_s/k_z 
ratio of 8.1:1, with the (S)-enantiomer preferen- 
tially consumed. The predicated er value based 
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on the multiplicative effect (er = kpk_s/ksk_p) 
of these two isolated processes is 96:4, in ex- 
cellent agreement with the experimental value 
in the deracemization reaction (97:3) (see fig. 
S17 for a discussion on cyclic alcohol 1). 

The LMCT catalytic paradigm enables the use 
of one chiral Ti catalyst to induce two enantio- 
selective events in a single catalytic cycle. The 
multiplicative enhancement of stereoinduction, 
validated in consecutive stereocenter-ablating 
C-C bond scission and stereocenter-generating 
C-C bond formation, enables high levels of 
stereoselectivities with two moderate enantio- 
inductions. This mechanistic paradigm holds 
promise for the development of a wide array 
of asymmetric catalytic reactions through the 
statistical upgrading of stereoenrichment. 
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A dirigent protein complex directs lignin polymerization 
and assembly of the root diffusion barrier 


Yi-Qun Gao", Jin-Quan Huang“t, Guilhem Reyt’t, Tao Song’, Ashley Love*, David Tiemessen*, 
Pei-Ying Xue">, Wen-Kai Wu", Michael W. George“, Xiao-Ya Chen”, Dai-Yin Chao*, 


Gabriel Castrillo’*, David E. Salt!* 


Functionally similar to the tight junctions present in animal guts, plant roots have evolved a lignified 
Casparian strip as an extracellular diffusion barrier in the endodermis to seal the root apoplast 

and maintain nutrient homeostasis. How this diffusion barrier is structured has been partially defined, 
but its lignin polymerization and assembly steps remain elusive. Here, we characterize a family of 
dirigent proteins (DPs) essential for both the localized polymerization of lignin required for Casparian 
strip biogenesis in the cell wall and for attachment of the strip to the plasma membrane to seal 

the apoplast. We reveal a Casparian strip lignification mechanism that requires cooperation between 
DPs and the Schengen pathway. Furthermore, we demonstrate that DPs directly mediate lignin 


polymerization as part of this mechanism. 


ll living organisms have evolved mecha- 
nisms to regulate their nutrient homeosta- 
sis by shielding their cells from external 
fluctuations. In vascular plants, root per- 
meability is controlled by the endodermis, 
a specialized root tissue layer, along with its 
Casparian strip (CS) and is critical for plant 
survival in natural ecosystems (1). To achieve 
this, the CS seals the apoplastic space between 
neighboring endodermal cells using lignin- 
based cell wall impregnations (2). This sealing 
mechanism allows the endodermis to act as a 
selective gate for water and mineral nutrients 
to enter the vascular system while also pre- 
venting them from leaking out, mimicking 
the function of the tight junctions in animal 
epithelium that control gut permeability (3). 
The activity of the plant NADPH oxidase 
respiratory burst oxidase homolog F (RBOHF) 
catalyzes the production of hydrogen peroxide 
(4, 5), which is used as a substrate by the 
Casparian-strip-localized peroxidases involved in 
the generation of reactive monolignols required 
for lignin polymerization (4, 6). ENHANCED 
SUBERINI (ESB1) (7), a dirigent protein (DP), 
is also required for lignin deposition at the CS. 
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It localizes to the CS, though its biochemical role 
has not been elucidated. (8, 9). DPs are known 
to control stereoselectivity in monolignol di- 
merization to free lignans (J0-13), however 
their role in higher order lignin polymerization, 
also considering a random process, has been 
controversial for more than two decades (14). 
An additional role in surveillance controlling 
the sealing of the finished CS is played by the 
Schengen pathway (15-17). Nonetheless, until now 
no clear integrative mechanism has emerged 
for the polymerization of lignin in the CS. 


An endodermal family of DPs is associated 
with the Casparian strip 


We examined the expression patterns of 20 DPs 
out of a total of 25 identified DPs in Arabidopsis 
thaliana using the available literature (18). We 
found that five DP genes, DIR9, DIR24, DIRI6, 
DIRI8, and ESBI showed a specific root endoder- 
mal expression pattern (fig. SIA) and were found 
to be down-regulated in the myb36 mutant (fig. 
S1B), with a reduced activity of MYB36, a master 
regulator of the CS biosynthesis machinery (19). 
These data suggest that DIR9, DIR24, DIR16, 
and DIR18 together with ESB1 might have a 
function in lignin polymerization associated with 
the CS. For further analysis, we also included in 
our selection DIR25, a low-expressed, uncharac- 
terized homolog of ESB1 that is also regulated by 
MYB36 (fig. SIB and S1C). These six proteins 
represent a phylogenetic cluster, classified as 
DIR-e (20), in A. thaliana (Fig. 1A). 

Thus, we expressed the six DPs fused to the 
fluorescent protein mCherry to character- 
ize their localization patterns. We confirmed 
the localization of all selected DPs at the 
endodermis, specifically at the CS (Fig. 1, B to 
E). Although all six endodermal DPs localized 
to the edges of the CS, ESB1 and DIR25 ac- 
cumulated more in the central region of the CS, 
DIR9 and DIR24: localized to both the central 
region and the edges of the CS, and DIR16 
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and DIR18 mainly localized to the edge Chee 


the CS (Fig. 1, F and G, and fig. $2). The 2 
localization patterns of these proteins are in 
line with the presence of characteristic do- 
mains in their sequences (Fig. 1B and fig. S3). 
We therefore classified this family of DPs into 
three groups: group I (ESB1 and DIR25), group 
II (DIR9 and DIR24), and group II (DIR16 
and DIR18) (Fig. 1B). 

We found that DPs from group I and II are 
localized at the cell wall of the endodermal 
cells whereas the proteins from group III are 
present at both the cell wall and the cytoplasm 
of endodermal cells (fig. S4A). We noted that 
the pattern of localization of group III proteins 
resembles the one for the deposition of the 
polyester suberin in the endodermis (21, 22), 
but we found that the localization pattern of 
group III DPs and endodermal suberin bio- 
synthesis were not associated (fig. S4, B and 
C). Thus, we discarded the participation of the 
group III DPs in suberin biosynthesis. 

Next, we studied whether the presence of 
characteristic domains in the DP structures 
determines their localization. In ESB1 (group I), 
DIR9 (group II), and DIR16 (group IID fused 
to mCherry, we deleted the endodermal (EN) 
domain, which is common to all the six endo- 
dermal DPs (fig. S5, A to C). The lack of EN 
domain did not affect DP localization at the 
CS, indicating that the EN domain alone is not 
sufficient to determine DP localization (fig. S5, 
A to C). In the ESB1l-mCherry protein we 
deleted the glycine-rich domain (GRD), which 
is uniquely present in group I DPs (ESBI1- 
AGRD-mCherry, fig. S5D). A high proportion 
of ESB1-AGRD-mCherry was then detected 
in the cytoplasm of endodermal cells compared 
with the intact ESB1 that mainly localized in 
the cell wall (fig. S5D). In DIR9 fused to mCherry 
we removed the uncharacterized domain (UN), 
present only in group II DPs, (DIR9-AUN-mCherry, 
fig. S5E). Similar to ESB1-AGRD-mCherry (fig. 
S5D), DIR9 without the UN domain localizes 
more in the cytoplasm of endodermal cells 
and to a lesser extent in the cell wall (fig. S5E). 
These findings resemble the localization pat- 
tern found in group III DPs in which the GRD 
and UN domains are not present (fig. S4A). 
Further, the insertion of the GRD domain of 
ESB1 (group I) into the sequence of DIR16 
(group IID, led DIR16 to fully localize to the 
cell wall (fig. SSF). Therefore, the GRD and 
UN domains, present in group I and II DPs, 
are necessary for the complete cell wall local- 
ization of these proteins at the CS. 


DPs are required for Casparian strip integrity 


We next created (dir25, dir16, and dir24) and 
identified [esbi (7), dir9, and dirI8] knockout 
mutants for all six DP genes (fig. S6, A to E). 
In the single div mutants, we examined lignin 
deposition at the CS using specific lignin stain- 
ing with basic fuchsin and also quantified the 
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Fig. 1. The endodermal family of DPs is associated with the Casparian 
strip. (A) Phylogenetic tree built using the sequences of the 25 DPs identified in 
A. thaliana. Colors denote the different DP families. (B) Schematic diagrams 
representing the domains found in the protein sequences in the three groups of 
the endodermal family of DPs. The red regions represent signal peptides (SP). 
The numbers above each diagram are the position of the first amino acid in each 
domain. (€ to E) Confocal microscopy images showing the localization of the 
DP family members in the root. The upper panels show root cross sections 
showing the endodermal expression at the CS of the DPs from group | (C), 
group II (D), and group III (E). The lower panels show colocalization of the DP 
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family members with CASP1 (CASP1-GFP). The white arrow in the upper panel 
of (C) indicates the DIR25-mCherry expression. All pictures were taken at the 
10th cell after the onset of elongation of endodermal cells. (F) Confocal 
microscopy images showing surface views of all DP family members localized at 
the CS. Horizontal white lines represent the trajectory used to quantify the pixel 
fluorescence intensity in (G). (G) Graph showing the distribution of normalized 
pixels fluorescence intensity values (normalized fluorescence intensity) along the CS 
used as a proxy to quantify the expression level of the DP family members. Scale bars 
are equivalent to 20 um in the cross-sections (C, D, and E, upper panels), 10 ym in 
(C, D, and E, lower panels), and 1 um in (F). We repeated this quantification 5 times. 


diffusion of the cellular tracer propidium 
iodide (PI) into the vasculature. These two 
parameters provide information about the in- 
tegrity of the CS as a diffusion barrier (fig. S6, 
F and G). We confirmed the defective CS lignin 
phenotype in the esb7 mutant with high dif- 
fusion of PI (fig. S6G). By contrast, single mu- 
tants of dir25, dir9, dir24, dir16, and dir18, 
have normal CS lignin deposition (fig. S6F), 
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and PI permeability, similar to wild-type (WT) 
plants (fig. S6G). 

To further explore the role of the DPs in CS 
biosynthesis, we created high-order mutants 
among all family members and analyzed their 
CS integrity. In all the double mutants within 
groups [esbidir25 (group I), dir9dir24 (group 
Il), and dirl6dir18 (group III] we observed 
phenotypes compatible with an impaired CS 
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that are different from those found in the 
esbI mutant (Fig. 2, A and B). Phenotypes in- 
cluded gaps in the normally continuous lignin 
band, leaving “islands” of lignin, along with ec- 
topic lignification at the endodermal cell corners 
(Fig. 2, A and B). These double div mutants lost 
50% of the lignified region of the CS when com- 
pared with WT plants (Fig. 2C), and all showed 
significantly increased PI penetration (Fig. 2D). 
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Supporting the role of the DPs in lignin dep- 
osition in the CS, we found that the double 
mutants esbidir25, dir9dir24, and dirl6dir18 
have increased endodermal suberization (fig. 
S7), a compensatory mechanism observed in 
mutants with a compromised CS function. 
Further, we found a significantly different ac- 
cumulation of mineral nutrients in the leaves 
of the double dir mutants compared with WT 
Col-0 plants, which is consistent with an im- 
paired CS (fig. S8 and table S1). These results 
indicate that the endodermal family of DPs is 
required for lignin deposition in the CS, with 
consequences for mineral nutrient accumula- 
tion in the plant. 
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Fig. 2. The endodermal family of DPs is required for Casparian strip lignifi- 
cation, CASP1 localization at the CSD, and sealing of the endodermal 
apoplast. (A) Schematic diagram of an endodermal cell with the CS (magenta 
belt) showing the optical sections, median view, and surface view, used in (B). 
(B) Confocal images showing maximum projection, median view, and surface 
view of endodermal lignification in Col-O plants, esb1- 
esbldir25, dir9dir24, dirl6dir18, and sextuple mutant esbldir25dir9dir24dirl6dir18. 
Lignin deposition (magenta) and cell walls (cyan) were visualized at the 15th cell 
after the onset of elongation. Scale bars are equivalent to 10 um in the maximum 
projections, 5 pm in the surface views, and 2.5 um in the median views. 

(C) Quantification of lignin coverage at the surface of the CS in WT Col-O and DP 
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mutant plants. 


1, double DP mutants 


To assess the genetic relationship among 
different DP groups, we generated higher-order 
mutants including triple (esbidirlédir18 and 
esbidir9dir24), quadruple (dirl6dir18dir9dir24), 
quintuple (esbldirl6dir18dir9dir24), and sex- 
tuple (esbidirl6dir18dir9dir24dir25) mutants 
among endodermal DP group members. In all 
cases, we found that these combinatorial high- 
order mutants phenocopied the double mutants 
esbidir25, dir9dir24, and dirl6dir18 (Fig. 2, B 
to D, figs. S7, S8, and S9, A to C). Therefore, we 
concluded that higher-order dir mutants, com- 
prising all different DP group combinations, 
did not enhance the Casparian strip-related 
phenotypes observed in the double di7 mutants. 
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Letters indicate significant difference [P < 0.01, one-way analysis 
of variance (ANOVA) with Tukey's honestly significant difference test], n = 10 

to 14. (D) Quantification of propidium iodide diffusion in roots of Col-O and the 
DP mutants used. Letters indicate significant difference (P < 0.01, one-way ANOVA 
with Tukey's honestly significant difference test), n =10. (E) Confocal images show 
CASP1-GFP (green) localization at the CSD. Scale bars, 2.5 um. (F) Quantification, 
of CASP1-GFP enrichment at the CSD from (E). Data represent mean + SD, 

n = 8. (G) SYP122 (green) localization in the 10th endodermal cells after the 
onset of elongation in Col-O and the double DP mutants. The arrows signal the 
adhesion region between the plasma membrane and the cell wall at the CSD. 
Asterisks show the fully detached plasma membranes. Scale bars, 20 pm. 


This shows that each group of DPs perform 
specific, nonredundant functions, working in 
the same pathway to ensure localized lignin 
deposition at the CS. One possibility is that 
these DPs act as part of the same multiprotein 
hetero-complex. 

To test this hypothesis, we performed bimo- 
lecular fluorescence complementation (BiFC) 
experiments expressing combinatorial pairs of 
DPs in Nicotiana benthamiana leaves. We dem- 
onstrated that DPs from different groups can 
interact with each other and form heterodimers, 
for example: ESB1-DIR16, DIR9-DIR16, and 
DIR9-ESBI (fig. S10A). Furthermore, using co- 
immunoprecipitation assays, we validated the 
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Fig. 3. Casparian strip lignification requires cooperation between the 
endodermal DPs and the Schengen pathway. (A) Representative Raman 
spectral components in the region corresponding to lignin aromatic rings 
(1550 to 1750 cm”) of CS lignin obtained from WT Col-0, sgn3-3 and double 
DP mutant plants, esbldir25, dir9dir24, and dirl6édir18, obtained using multivariate 
curve resolution (MCR) analysis; n = 3. (B) Confocal images showing maximum 
projection, median views, surface views, and cross sections of endodermal 
lignin deposition in WT Col-O, sgn3-3, double dirigent mutants esbldir25, 
dir9dir24, and dirl6dir18, and triple mutants sgn3-3esbldir25, sgn3-3dir9dir24, 
and sgn3-3dirl6dirl8 plants. Lignin deposition and the cell walls were visualized 


existence of DP heterocomplexes of higher 
stoichiometric order (fig. SIOB), which con- 
firmed that ESB1, DIR9, and DIR16—proteins 
from each group of endodermal DIRs—can 
form a heterotrimer. 

To study whether CASP1—an integral plasma 
membrane protein involved in the localization 
and structuring of the CS (23)—is functionally 
related to endodermal DPs, we analyzed changes 
in the localization of CASP1-GFP at the CS do- 
main (CSD), in esbJ-1 single mutant and all 
double, triple, quadruple, quintuple, and sex- 
tuple dir mutant backgrounds. The CSD is a 
specific region of the plasma membrane oc- 
cupied by the CS biosynthetic machinery. We 
found that CASP1-GFP localization showed a 
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clear disruption at the CSD in the higher order 
dir mutants (Fig. 2, E and F, and fig. S9D). We 
confirmed this finding in all CASP proteins 
(fig. S11). These results indicate that the endo- 
dermal family of DPs are necessary for the 
proper localization of CASPs at the CSD, to 
assemble a functional CS biosynthesis com- 
plex and initiate deposition of the CS. 

We next evaluated the adhesion of the plas- 
ma membrane to the cell wall at the CSD. This 
is a characteristic of a functional CS. We ex- 
pressed the plasma membrane protein SYP122 
fused to mCitrine in the endodermis of WT, 
esbl-I, and esbidir25, dir9dir24, and dirl6dir18 
double mutant backgrounds to evaluate its lo- 


calization at the CSD, as a probe for plasma 
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5th endodermal cell after the onset of elongation using basic fuchsin 
staining (magenta) and Direct Yellow 96 (cyan), respectively. Vertical white lines 
are multiple comparison scale bars equivalent to 10 pm in the maximum 
projection and cross section images and equivalent to 5 and 2.5 ym in the 

and median view images, respectively. (€) Graph showing the 
quantification of lignin coverage at the CS [lignin coverage at CS (percent)] in 
0, double dirigent mutants, and triple sgn3-3 dir mutants. Different 

in the figure indicate significant difference (P < 0.01, one-way ANOVA 
with Tukey's honestly significant difference test), n =18 for Col-O, and n = 24 for 


membrane attachment to the CS. We found 
that SYP122-mCitrine diffused into the CSD 
in all double dir mutants (fig. $12), while we 
observed a typical exclusion zone for SYP122 at 
the CSD in WT plants, and a partial exclusion 
in the single mutant esbI-1 (fig. S12). This re- 
sult suggests that the attachment between the 
plasma membrane and the CS—required for 
exclusion of plasma membrane proteins such 
as SYP122—was fully interrupted in all double 
dir mutants and partially interrupted in esb/-1. 
We next validated this finding using mannitol- 
induced plasmolysis in esbi-1 and the three 
double dir mutants (Fig. 2G). These results 
indicate that the endodermal DPs are necessary 
to anchor the endodermal plasma membrane 
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Fig. 4. Members of the endodermal family of DPs directly regulate 
Casparian strip monolignol polymerization. (A) Figure shows the UPLC-MS 
profiles of the products obtained in in vitro monolignol polymerization reactions. 
In the reactions we used coniferyl alcohol (CA), two hetero-complex mixtures 
of ESB1/DIR9/DIR16 and DIR25/DIR24/DIR18 supplemented with H20>. As a 
control we used the same reaction without the presence of the DPs (CA + H202). 
Nonrelated mCherry protein was used as a negative control. On top of the 
figure are the three standards of lignan with different CA monomer coupling 
bond types used. (B) Quantification of new synthesized 8-0-4) 8-5’ and 8-8’ 
coupling lignan obtained in the in vitro monolignol polymerization reactions with 
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and without the endodermal family of DPs present. Different letters in the graph 
indicate significant difference (P < 0.01, one-way ANOVA with Tukey's honestly 
significant difference test), n = 3. We repeated this experiment three times. 
(C) Pictures show the growth of 3-week-old plants of WT Col-O, double dirigent 
mutants esbldir25, dir9dir24, dirl6dirl8, single mutant sgn3-3, and the triple 
mutants sgn3-3esbldir25, sgn3-3dir9dir24, and sgn3-3dirl6dirl8 in soil under a 
short-day regime. Scale bar, 5 cm. (D) The graph shows the fresh weight 
quantification of plants used in (C). The letters in the figure indicate 
significant difference (P < 0.01, one-way ANOVA with Tukey's honestly 
significant difference test), n = 10. 
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to the CS in the cell wall. Both CASP1 function 
and plasma membrane anchoring are inde- 
pendent of lignin deposition in the CS (J5). 
Because CASP proteins are also necessary for 
plasma membrane attachment (24), we can- 
not exclude that DPs exert this function as 
part of a complex with CASPs. 


Endodermal DPs are required for lignin 
synthesis at the Casparian strip 


We studied the chemical nature of the re- 
maining lignin islands observed in the double 
dir mutants esbidir25, dir9dir24, and dirl6dir18. 
We used confocal Raman microscopy on root 
cross sections to spectrally resolve the chem- 
ical features associated with the islands of 
lignin produced in these mutants (Fig. 3A 
and fig. S13). In all double mutants analyzed, 
we observed that the CS lignin spectrum was 
different from that found in WT plants (Fig. 
3A and fig. $13). In line with a previous pub- 
lication (15), the continuous WT CS lignin 
showed two characteristic Raman peaks: a 
lower intensity peak at 1604 cm” associated 
with an aromatic ring stretch (25-27), and a 
peak at 1658 cm” assigned to a vibrational 
mode with double bond (C=C and C=O) char- 
acter conjugated to an aromatic ring (e.g., co- 
niferyl alcohol or coniferaldehyde) present in 
the lignin (25-28). The islands of lignin pres- 
ent in the CS of double div mutants predom- 
inantly exhibited the peak at 1604 cm™’, and 
the peak at 1658 cm‘ was substantially smaller 
(Fig. 3A and fig. S13A). Further, a peak around 
1333 cm“, assigned to sinapyl alcohol in lignin 
from an intact CS (26), was much lower in 
all dir mutants compared with that found 
in the wild type (fig. S13A). The Raman spectra 
extracted from the islands of lignin in dir 
double mutants were similar to those ex- 
tracted from the lignin deposited in the endo- 
dermal cell corners of WT plants treated with 
the CASPARIAN STRIP INTEGRITY FACTOR 
2 (CIF2) peptide (Fig. 3A and fig. $13) (75). This 
peptide is the ligand of the SCHENGEN3 
(SGN3) receptor that activates lignin polymer- 
ization required to close gaps in the develop- 
ing CS (14). This Schengen pathway also leads 
to ectopic deposition of lignin in the cell cor- 
ners when the Casparian strip is physically 
impaired or CIF peptides are applied exogenously 
(6, 29). Therefore, these results support the 
notion that the lignin islands observed in the 
double dir mutants are chemically distinct from 
the typical lignin found in the continuous CS of 
WT plants. It is likely then that the lignin is- 
lands remaining in the double dir mutants are 
synthesized by a different lignin biosynthetic 
complex that requires the Schengen pathway. 
We next generated the triple mutants 
sen3esbidir25, sgn3dir9dir24, and sgn3dirl6dir1s. 
Consistent with our hypothesis, lignin deposi- 
tion in the CS of these mutants was almost 
undetectable (Fig. 3B). Furthermore, the lignin 
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coverage in the CS of these triple mutants was 
reduced by over 80%, compared with the 25% 
reduction observed in sgn3-3 (Fig. 3C). These 
results confirmed that the endodermal family 
of DPs are required for the biosynthesis of most 
of the lignin at the CS with the remaining 
islands of lignin observed in the double dir 
mutants requiring the Schengen pathway. These 
lignin islands are not an artifact of hyper- 
activation of the Schengen pathway in the 
double dir mutants because they require MYB36 
for their formation (15, 16). 

Development of the CS starts with lignin being 
deposited in discontinuous discrete formations, 
which has been termed the “string-of-pearls” 
stage (20). We found that the endodermal DPs 
colocalized with this initiation lignin in WT 
plants (fig. S14A). Further, the first appear- 
ance of CS lignin was delayed in the esbidir25, 
dir9dir24, and dirlédir18 double mutants com- 
pared with WT Col-0 plants, despite all geno- 
types having similar root lengths (fig. S14, B 
to E). We propose that in WT plants, as de- 
velopment progresses, the gaps between the 
string-of-pearls initiation lignin are filled in by 
a process requiring the Schengen pathway. Cor- 
roborating this we found no delay in formation 
of the string-of-pearl lignin in the mutant sgn3-3 
(fig. S14, B to E), despite the early expression of 
SGN3 in the endodermis (fig. S14F), higher ex- 
pression of endodermal DPs compared with 
SGN pathway components where CS formation 
starts (fig. S14G), and only a partial colocaliza- 
tion of SGN3 with the initiation lignin (fig. S14A). 
Thus, the lignin islands we observe in the dir dou- 
ble mutant likely represent Schengen pathway 
lignin—here called gap-filling lignin. Correspond- 
ingly, the discontinuous CS lignin previously ob- 
served in the sg73-3 mutant represents the lignin 
initially deposited at the string-of-pearl stage that 
requires DPs—here called initiation lignin. In- 
deed, sgn3-3 CS lignin showed similar Raman 
spectral characteristics to WT Col-0 (Fig. 3A and 
fig. S13), explained as DP-dependent lignin being 
a major component of CS lignin (Fig. 3C). 


DPs directly drive the polymerization of 
lignin monomers 


Next, we explored whether the endodermal 
DPs can be directly involved in lignin mono- 
mer (monolignol) polymerization. First, using 
a molecular docking approach we elucidated 
monolignol binding positions within the pre- 
dicted three-dimensional (3D)-conformational 
structure of ESB1, DIR9, and DIR16 proteins. 
In all cases, H-bond formation was predicted 
between monolignol and amino acids from 
the EN domain in DPs (fig. $15, A to C). This 
suggests that the endodermal DPs—specifically 
the EN domain—might be directly involved in 
lignin polymerization. 

We then generated mutated versions of the 
ESB1, DIR9, and DIR16 proteins lacking the 
EN domain. Unlike the intact DPs, in all cases 
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these mutated versions of the DPs were unable 
to complement either the defects in CS lig- 
nification or CASP1 localization found in the 
esbl1, dir9dir24, and dir16dir18 mutants (fig. 
S15, D to F). Therefore, we verified that the 
EN domain is necessary for the endodermal 
DPs function in lignin polymerization. 

We then expressed and purified all six endo- 
dermal DP members individually or combined 
using baculovirus-based expression vectors in 
insect cells. We obtained three individual DPs, 
DIR25, DIR24, and DIR18 (fig. S16A), as well 
as the control mCherry protein (fig. SI6B), and 
two DP hetero-complex mixtures, ESB1/DIR9/ 
DIR16 and DIR25/DIR24/DIR18 (fig. S16, C 
and D). To validate the direct function of DPs 
in monolignol polymerization, we reconstituted 
an in vitro lignin polymerization assay that 
included the substrate coniferyl alcohol, the 
most abundant monolignol present in the CS 
lignin, H,Oz, as the electron acceptor, and the 
individual DPs alone or DP hetero-complex 
mixtures. In all cases we detected high yield of 
specific new peaks corresponding to different 
monolignol polymerization products only when 
the DPs were added to the reaction (Fig. 4, A 
and B, and fig. S17). These de novo synthesized 
products were identified using the correspond- 
ing standards as the dimerized monolignols 
guaiacylglycerol 8-O-4’-coniferyl ethers, dehy- 
drodiconiferyl alcohol, and pinoresinol (Fig. 4A). 
Other controls validated this finding (Fig. 4A 
and fig. S17). Consistent with our previous results 
(fig. S10), more dimerized monolignol was gen- 
erally detected when the DIR heterocomplex 
mixture was added to the reaction compared 
with the peaks observed in reactions catalyzed 
by individual DPs, especially for pinoresinol (Fig. 
4B). This further suggests that the DPs act as a 
complex during lignin polymerization at the CS. 
Taken together, these results support the conclu- 
sion that the endodermal DPs directly mediate 
lignin polymerization during CS biosynthesis. In 
the absence of these DPs, reactive monolignols 
produced by the CS-localized RBOHF/Peroxidase 
system will no longer be polymerized at the CS 
and would diffuse freely to the cell corners and 
polymerize spontaneously through the simple 
combinatorial radical coupling process (30), 
forming the ectopic lignin we and others have 
observed (6, 15). 


DP activity influences plant adaptation to 
environmental stresses 


We found that under short-day conditions, 
dir double mutants esbldir25, dir9dir24, and 
dirl6dir18 exhibited significant reduced vege- 
tative growth (~65% shoot fresh weight of the 
wild type). This retarded growth was more 
obvious in the sgn3dir triple mutants with 
~32% shoot fresh weight of WT plants (Fig. 4, 
C and D). When we exposed the dir double 
mutants and the sgn3dir triple mutants to sali- 
nity, osmotic stress, iron toxicity, low ambient 
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humidity in agar plates and soils, all sgn3dir 
triple mutants showed significantly reduced 
root and shoot growth (fig. S18, A to E). Fur- 
ther, the sgn3dir triple mutants showed a 
significant reduction in the shoot area sim- 
ilar to that observed in the double mutant 
sgn3myb36 lacking a CS (15) (fig. S18, A to D 
and F). We observed similar responses in 
plants grown in soils exposed to low ambient 
humidity (fig. S18, G and H). These results 
demonstrate that CS lignification—driven by 
the endodermal DPs—is required for plant 
growth and plays a role in enabling plants to 
adapt to challenging environments. 


Conclusions 


Our results reveal a mechanism that explains 
precise lignification at the CS that requires 
cooperation between the MYB36 regulated 
endodermal DPs function and the Schengen 
pathway (fig. S19). All of this knowledge can 
now be generalized to other lignified plant 
tissues where DP are widely expressed, and 
redundancy is also expected. 
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WORKING LIFE 


By Michat Turek 
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A lesson from failure 


hank you so much for taking the time to apply for the position,” the email read. “Your application 
has not been successful. We wish you every success in securing a suitable position in the future.” 


I received the email 2 weeks after interviewing for a postdoc position. When I read it, I felt disap- 
pointed and angry—and not just because I hadn’t gotten the job. I was disappointed because I’d 
spent hours preparing for the interview and in the end, I didn’t even know why I wasn’t successful. 
“How can I adapt my job search approach if I don’t know what went wrong?” I thought. Now, when 
early-career scientists interview for positions in my lab, I keep that experience in mind. If they don’t get 
the position, I want them to know why and what they can do to improve their applications going forward. 


The value of that kind of feed- 
back became obvious to me a 
few months after I received the 
postdoc rejection email. After ap- 
plying for a job at a consulting 
company, I spent months working 
my way through the exhaustive 
recruiting and interview process 
before getting a phone call from a 
company representative. “Unfor- 
tunately, we decided to offer the 
job to someone else,’ the voice 
said. Again I felt deflated. But the 
conversation wasn’t over. “Would 
you like to hear feedback from 
us?” they asked. 

The representative went on to 
tell me I hadn’t clearly articu- 
lated my motivation for apply- 
ing for the position and why I 
wanted to work for the company. 
The feedback was tough to hear. 
But I quickly realized they were 
right. After completing my Ph.D. in Germany, my top pri- 
ority had been to find a position in Poland, where I grew 
up. As a result, I wasn’t very selective about what I applied 
for; I pursued any job opportunity that broadly fit my skills 
and interests. The job at the consulting company was some- 
thing I was technically capable of doing, but I didn’t feel 
passionate about it—and that clearly showed in the inter- 
view process. 

From then on, I decided to carefully evaluate each job 
opening and only pursue ones that truly resonated with 
what I was passionate about. In my applications, I also be- 
gan stating more clearly and emphatically why I wanted 
that particular job. Soon the approach started to pay off, 
as I got an offer for a postdoc position in Poland that I was 
truly excited about. 

A few years (and several more successful interviews) 
later, I found myself on the other side of the interview table. 


“If no one tells us where we 
are lagging, we are liable to make the 
same mistakes over and over again.” 


As a freshly hired group leader, I 
was interviewing candidates for 
the first Ph.D. position in my 
lab. I was particularly looking 
forward to talking with one can- 
didate; on paper, his application 
looked great—nice CV, good rec- 
ommendations, strong cover let- 
ter. But the interview went badly. 
He didn’t seem to have done any 
reading in advance about the re- 
search I was doing, which made 
me wonder whether he was truly 
interested in working with me. 

When I called to tell him I 
couldn’t offer him the position, I 
could tell, even over the phone, 
that he was very disappointed. 
So I asked him if he wanted to 
know where he could improve 
in future interviews. It’s never 
pleasant to listen to—or dole 
out—constructive criticism. But 
as the conversation went on, I got the sense that he was 
grateful for what I had to say. 

I’ve since filled several positions in my lab. For each re- 
cruitment, I’ve made a point to treat every interview as a 
trade: Candidates invest time and effort to prepare for our 
conversation—and if they don’t get the position, the least I 
can do is reward their effort with pointers about how they 
can improve. And when my own trainees apply for posi- 
tions elsewhere, I plan to encourage them to ask for feed- 
back at the end of the interview process. It’s something I 
wish I had done myself earlier in my career. Because if no 
one tells us where we are lagging, we are liable to make the 
same mistakes over and over again. 


Michat Turek is a group leader at the Institute of Biochemistry and Bio- 
physics of the Polish Academy of Sciences. Do you have an interesting 
career story to share? Send it to SciCareerEditor@aaas.org. 
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